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ABSTRACT
The problem of scheduling aircraft is approached with the intent of
providing a computerized tool to play a central role in the schedule development
process. It is determined that automated approaches and batch processing aids
provide supplementary assistance but that interactive graphics are essential if the
manual scheduling methods currently employed are to be replaced and improved
upon.
Various visual representations of schedule data are reviewed and the
sequence chart is determined to provide the best choice for mechanization in
terms of usefulness and practicality. Designs are presented for various scales of
the basic sequence chart and a set of variations that are determined to provide
the information required by schedulers to make each of the major decisions
involved in the scheduling process. Those displays are designed for the possibility
of implemention on terminals with color, special character sets and highlighting
features.
A set of commands is presented which utilize full screen panels with
restricted cursor movement to guide the user through data entry processes.
Commands are included to produce and control the content of the various displays
and to enter and manipulate schedule data.
Thesis Supervisor: Antonio Elias
Title: Assistant Professor of
Aeronautics and Astronautics
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1. INTRODUCTION
To the casual observer airlines seem to be on the leading edge of high
technology applications. They use modern and sophisticated aircraft, a highly
advanced reservation system and communications network, and the most refined
navigation and electronics equipment available. So it is disillusioning to discover
that in the back rooms, corporate planning, and especially aircraft scheduling, has
not kept pace with recent advances in modern techniques and technologies.
This is even more surprising considering how critical the scheduling
function is to the success of an airline. Although the scheduling of manpower,
production and inventory resources is performed in many industries, it rarely
assumes the significance that it does for an airline. In most industries the
selection of products to produce, the methods of production and the markets to
target are somewhat independent functions. The scheduling process of an airline,
however, combines all of these functions: the schedule is at one time the means
of production, the product and the marketing plan.
Scheduling plays such a central role because it is the sole output and
objective of the airline. All departments, personnel and resources ultimately
contribute to the determination and implementation of the schedule. Figure 1.1
shows how scheduling interacts with other functional groups within a typical
airline.
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No function in the airline can be performed independently of the schedule.
Each department must provide the schedulers with an estimate of resources and
requirements and receive similar feedback from them. Scheduling coordinates the
activities of the airline by supplying a focal point for the planning process.
Because of this coordinating role, scheduling occupies one of the highest positions
in the management hierarchy.
The planning cycle is normally a hierarchical activity with each level's
decisions influencing the level below to a much larger extent than the one above.
Airline planning, however, does not fit this rigid methodology since scheduling
cuts across all three levels. Essentially all corporate level planning, from fleet
planning to mergers, must be evaluated in terms of its impact on the schedule.
Each alternative must be quantified in terms of a detailed schedule, which can be
further evaluated, before a decision can be made. Only limited confidence exists
in aggregate methods for forecasting the impact of decisions because complex
issues in the scheduling problem often make otherwise reasonable management
goals impracticable.
In spite of its importance, scheduling is still done by a few analysts using
colored pencils and large pieces of paper taped to the wall. Attempts have been
made to mechanize some of this process but have met only limited success.
Algorithms to automatically generate schedules have only been able to deal with
limited subsets of the total problem, and have therefore not had a major impact
on the scheduling function and programs to provide batch processing services have
only had a peripheral influence on scheduling. On line access to data bases and
other schedule development tools, while steps in the right direction, have not yet
reached the level of sophistication required to directly aid the scheduler.
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This analysis proposes that a computerized system that can handle the full
complexity of realistic commercial schedules, provide interactive response to
human decisions and utilizes graphics capable of replacing and even improving
upon the wall charts now used, is the appropriate tool to improve the quality of
schedules and the speed at which they are developed. The availability of
moderately priced stand-alone computer systems with full graphics capability and
the realization that the human role in decision making processes as complex as
scheduling can not be eliminated, have made this approach the most promising at
this time.
The need to improve the scheduling process is particularly strong at this
time. Increased fuel prices, and competitive pressures created by deregulation,
can best be dealt with through better and more responsive planning. Because of
its significance to airline planning, scheduling is probably the best candidate for
improvement. By increasing the quality and speed of schedule development, an
airline is equipped to investigate more viable alternatives in each planning cycle.
The following analysis identifies the elements involved in building a
schedule and then presents a design for a set of displays and interactive
commands that will allow a schedule to be developed entirely on a computer. The
computer tool presented here is designed to supplement schedule development,
not to automate it. This tool is intended to replace the manual methods now
employed, and, in so doing, provides a wide range of improvements in the way the
complex schedule data base is produced, recorded, modified and displayed.
Implicit in the approach described is the assumption that the human role is
indispensable in the schedule development process. All aspects of the design are
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intended to contribute to easing the scheduler's job by taking over routine
deterministic tasks, presenting information in the most convenient form possible
and minimizing the effort required to control the computer. The goal is to leave
the scheduler free to make important decisions and to present the information
essential to making them.
Section 2 provides a background on the scheduling problem including
definitions of the important terms and concepts needed to understand subsequent
discussions. Section 3 reviews the many manual graphic aids currently used by
schedulers in industry today as well as a number of the existing computerized
tools designed to aid this process. In Section 4 the advantages and requirements
of interactive graphics are discussed and designs for reference displays, inter-
active displays and a controlling command language are presented.
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2. THE SCHEDULING PROBLEM
The complexity of the aircraft scheduling problem has best been described
by Melvin Brenner of American Airlines as "...trying to put together a jigsaw
puzzle, constructed in three dimensions, while the shape of key pieces is
constantly changing." (Tipton, Stuart G., et al. 1961). A formidable task indeed.
This analogy is an excellent one, but the problem is, in fact, even more
complex than this might indiciate. A jigsaw puzzle is normally made up of a
single material such as cardboard. These pieces are two dimensional and of a
constant shape, the interlocks between pieces are unvaried both in number and in
kind, and finally, the precise picture printed on the pieces is not only unchanging
but is known in advance.
Scheduling, however, has none of these consistencies. Many additional
degrees of freedom exist for each aspect of the puzzle. A variety of materials
are used to construct three dimensional pieces of flexible size and shape. A
number of interlocks are required but nearly an infinite number of solutions exist,
not all of which are equivalent. Other interlocks may optionally be specified to
alter the final picture.
This picture must meet certain criteria for quality and excellence, and
must have certain characteristics and some specific images present, but the
actual final picture is the scheduler's decision. The scheduler has a conception of
the image he hopes to produce, he has his colored pencils and an understanding of
the forms and relationships that the schedule may contain. The process begins
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with certain portions that he is confident belong, and proceeds with other
attractive additions. Some aspects will augment each other and bring the
schedule to life, other portions will be overwritten and drawn again to fit the
emerging patterns.
In the following sections each of these aspects of scheduling will be defined
and expanded. First, some of the major resources that are used, the construction
of the components of the schedule or puzzle pieces, the nature of the interlocks,
and the requirements and characteristics of a completed schedule are all defined.
Next, some of the techniques for visualizing this complex three dimensional
problem in two dimensional media are discussed. Finally, the qualities and
characteristics that constitute the goals of the scheduler or the desired picture
that the finished schedule should depict are described.
2.1 The Makings of a Valid Schedule
To understand the problem the various elements that make up a schedule
and the relationships between them must be precisely defined. The following
discussion presents these key definitions and concepts. Unfortunately, these
terms have not been used in a consistent and rigorous manner in practice, so to
clarify and delineate these concepts each term will be given a precise definition,
even though some of them will not conform to standard usage.
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2.1.1 Resources
Scheduling is concerned primarily with two basic resources: airplanes and
airports. Without either of these there would not be air transportation or any
need to schedule air transportation services.
Within these categories a number of distinctions can be made. An aircraft,
as used here, refers in a generic sense to any "aircraft of a particular type." An
aircraft type is a specific configuration of technical and performance charac-
teristics such as: model, seats, range, speed, etc. Associated with these is an
identifier such as 727-200, DC9-30, etc. When referring to a single specific
aircraft of a given type and with a unique tail number identifer such as A1234B,
the term piece-of-equipment will be used. Finally, an aircraft fleet is a number
of pieces of equipment of the same type which can be used interchangably.
The scheduler is concerned with a fleet or a number of fleets of aircraft
that can be flown between airports. Although it is of some importance to the
corporate planning process, and even to a large degree to the scheduler, the
details of the operation of this fleet are ignored in this definition of the
scheduling problem. So for now, this fleet is assumed to be manned with flight
and cabin crews, fueled and ready to go.
Airport
Again, the scheduling problem will be initially defined without any consid-
eration of the details of station operations. Each station will be presumed to have
sufficient gates, man power, fuel, baggage and passenger handling facilities, etc.
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2.1.2 Components
The basic component, or building block, of a schedule is the flight. A flight
is a complex combination of the resources forming a relationship in both space
and time. Each flight is identified uniquely by its flight number, currently a
combination of up to four alphanumeric characters. A unique aircraft type is
associated with a flight and, eventually, one or more pieces of equipment will be
assigned to a flight.
The construction of a flight begins by joining pairs of stations together to
form links over which aircraft will fly. A whole series of links on which
passengers can travel in succession is known as a routing. Links and routings are
space dimension variables which can be combined with specific departure and
arrival times. When a link is supplied with these operating times it becomes a
segment.* Similarly, a routing is transformed into an itinarary when the time
dimension is included.
In addition to the operating times, itineraries contain two types of event
duration times: block time, which is the duration of a segment from the time the
aircraft leaves the gate at one station to the time it docks with the gate at the
next station; and, transit or station transit time, which is the time between
successive segments of an itinerary. These four times (Departure, Arrival, Block
*The term "segement" is frequently used to refer to a link in which adds to the
confusion of this terminology.
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and Gate) can be used in combination to unambiguously define a flight's
operations, however, under or over specification is possible and must be avoided.
Proper specification requires that the following conditions be met:
1) At least one arrival or departure time must be explicitly specified
for each flight itinerary.
2) Exactly one block or gate time between two specified arrival or
departure times must be left unspecified.
3) All block and gate times before the first specified departure time
and all block and gate times after the last specified arrival time
must be explicitly specified.
A flight, then, is composed of a number of itineraries. Each itinerary may
be applicable to a flight on certain days, this is known as the itinerary's
application. Normally, an application will begin on some date, continue until a
later date and will be valid on certain days of the weeks during that period. A
single flight may only contain one valid itinerary on any given day although it
need not have an itinerary valid on every day.
In addition to being a collection of aircraft movements between stations at
specific times, a flight also specifies a set of markets to be served. These
services are of a variety of types and quality and may not correspond directly to
the segments of the flight. Three types of service are possible : nonstop, direct
or through, and connecting. Each of these provides transportation between one
market area where a passenger has intentionally spent time, known as his origin,
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and a second market area where the passenger will also remain for some time,
known as his destination.
a) Non stop service is provided by a single segment of a flight. It
allows a passenger to travel between his origin and destination on a
single plane and without intervening stops.
b) Direct or through service provides a link between two market areas
using more than one successive segments of a single flight. This
allows a passenger to travel between his origin and destination on a
single plane but making one, two or more stops enroute.
c) Connecting service is provided by segments on more than one flight.
This service carries a passenger from his origin to an intermediate
station, known as a connecting point, where the passenger can take
another flight to his destination. Service can be provided with a
combination of through and connecting flights. Connections be-
tween two flights provided by the same airline are known as online
connections, as opposed to interline connection between flights on
different airlines.
A single flight of N segments can provide N nonstop services, N-1 one stop
services, N-2 two stop services, etc. In addition, an unlimited number of
connecting services could be provided at any or all stations in the itinerary.
However, it is only desirable to provide a selected subset of the possible services.
The ability to exclude services from flights adds another degree of freedom to the
shape of the flight.
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Therefore, the three primary components of a schedule are: routing,
timing, and service exclusion. Each of these is variable allowing the scheduler a
great deal of flexibility. On the other hand, none of these can be specified
independently. The services possible depend on routing and, in the case of
connections, on timing. Timing, of course, depends on routing and services to be
offered and routing is similarly dependent on the other two.
2.1.3 Relationships
Once a number of flights have been created the process of joining the
pieces together can begin. As this process proceeds new flights can be added and
the old ones rearranged to meet the scheduler's needs. Rather than making the
problem easier to solve, this degree of freedom increases the viable options open
to the scheduler and lengthens the search for a better solution. Still, to a large
extent the scheduler can manipulate the pieces of the schedule independently
while retaining the option of returning to the flight creation phase to improve the
shape of the pieces.
Flights can be joined together into larger blocks of the schedule. However,
this is not an easy matter, since two different types of interlocking relationships
between flights are possible, and these interlocks must be compatible in both the
space and time dimensions.
The first interlock between flights is known as the turn. A turn indicates
the path that an individual aircraft will take in flying a series of flights. Thus, an
aircraft that flies one flight may then turn to another flight and then another and
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so on. A string of flights so joined will be called a sequence, although the term
"cycle" is often used for this concept.
A flight can only turn to another flight if they are compatible in both time
and space as well as equipment type. It is insufficient for the first flight to
terminate: an origination must occur at the same station as well. The ground
time constraint is usually extended so that a specified interflight or turn time is
allowed between two flights turning at a station.
As discussed earlier, a flight is not a single itinerary nor is it likely to be
flown on only a single day. Each application of a flight is a seperate unit which
can be turned to different flights on different days. There is no requirement that
applications of a flight on different days be members of the same sequence. Thus,
not only are flights three dimensional but they are discontinuous with parts at
many times and locations. All of these parts must be considered when forming
the pieces and interlocking them.
Sequences can continue for days, weeks or months. Each sequence is flown
by one aircraft throughout this period. A sequence can be a complete and
independent schedule with no relationship to other sequences; however, this
situation rarely exists. Rather, sequences are linked together using the second of
the two interlocking methods.
Crossovers also join flights in both the space and time dimensions. A cross
over is the relationship between two flights, one arriving at a station before the
second one departs. Again the times must be separated by a specified time known
as the connection time. The crossover produces a number of connection
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possibilities for passengers on the arriving flight. This distinction between cross-
overs-the logical relationship between flights that permits connections to
occur-and connections themselves, must be understood. Flights may act as both
donors and recipients of traffic flow if the crossovers are provided both ways
between flights. Many flights may be crossed over to one another at a single
station during a period of time. These arrangements of many flights mutually
exchanging traffic are known as connecting banks or connecting complexes.
Thus, flights may be joined together both into sequences and connecting
complexes. However, the same set of flights must be joined into sequences and
linked into one or more connecting complexes making these processes highly
interdependent. The flights must be so configured to permit as many desirable
crossovers to occur as is possible while still permitting all the necessary turns to
occur.
2.1.4 Constraints
Many limits to the freedom to shape and join the different aspects of
scheduling exist. These constraints affect both airports and aircraft and arise
from both internal economic causes as well as external regulatory ones. Of
course, many of the constraints are three dimensional, specifing simultaneous
space and time limits.
Fleet size is probably the most important and immediate concern of the
scheduler. Although aircraft can be leased and purchased given sufficient time,
the scheduler rarely has this flexibility. The first implication of this constraint is
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that no more simultaneous sequences can be scheduled than there are aircraft
available of the type specified to fly those sequences.
Of even more signficance is the constraint that the fleet size must at least
remain constant during a schedule period. Therefore, at the very least, exactly as
many aircraft arrive at each station as depart that station. This condition
constitutes balanced flow. If this condition were not met, stations would be
acting as aircraft "sinks" and "sources." Aircraft flow can be balanced over any
period of time; for instance, each station may be balanced every day or only once
a week.
A network with balanced flow may have continuous flow. Continuous flow
exists when every flight turns to another flight so that sequences have no gaps
from the beginning to the end of a schedule period. Continuous flow can exist
over a period without resulting in a net balanced flow over the entire period.
Thus continuous flow could carry a fleet of aircraft from some initial geograph-
ical distribution to another one over an extended period of time.
If a network has both continuous and balanced flow then it is said to have
cyclic flow. A cyclic schedule not only maps a continuous flow of aircraft but
ends in a state identical to its initial state thereby permitting the schedule to be
repeated. Individual sequences can repeat at regular intervals, for instance daily,
and are thus themselves cyclic. This is the origin of the term cycle which is often
used to refer to any daily sequence whether it is cyclic or not.
Maintenance restrictions impose another significant constraint on sche-
dules. Routine maintenance that must be performed on a regular basis can only
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be accomplished at the airlines maintenance bases. This requirement means that
every sequence must include a turn at one of the airlines maintenance bases of an
adequate duration at regular intervals. For a typical airline (e.g., USAir), this
means that aircraft must spend every other night at a maintenance base.
Often, resequencing flights can provide adequate maintenance time for all
aircraft without rerouting any flight itineraries. Flights can also be ferried for
maintenance, however, careful planning can usually eliminate the need for this
wasteful operation. This planning includes locating maintenance bases as well as
scheduling aircraft.
A parallel problem to the scheduling of aircraft is the scheduling of
aircraft crews. Although not strictly a constraint, inattention to crew require-
ments and limitations can result in inefficient schedules. Because of both
regulatory and union rules concerning flight and cabin crew, many constraints are
placed on their utilization. Limits are placed on actual flight time, duty time
which includes the non flight portion of the crew's job, and overnights which result
when aircraft schedules and duty time restrictions prevent the crew from
returning to their home base for a required rest period. These constraints on crew
utilization translate into costs for the airline when schedules are so configured as
to require excessive overnights, deadheading, and other inefficiencies. Although
not the primary task of the scheduler, this must be a consideration.
An important set of constraints involves the capacity of individual stations.
These take four forms: gate capacity, station staff capacity, fuel availability,
and regulated airport access (slot) capacity. Again these are combined time and
space constraints. The average capacity of a station is rarely a problem, rather it
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is the peaking of activity at busy times of day that overloads the fixed resources
at the station. A scheduler must pay careful attention to the peaks of activity to
keep them within acceptable levels.
This is particularly true for airports with regulated access capacity which
must be strictly complied with. Four U.S. airports (DCA, ORH, JFK, and LGA)
have already begun setting fixed limits on the number of operations (takeoffs or
landings) at the airport per hour, known as slots. Other airports, such as DEN, are
close to ths situation. Curfews also exist at many airports restricting the
operating times of the earliest and latest flights of the day.
Another critical situation for station activity peaking occurs at small or
infrequently used stations. It is bad enough that facilities must be maintained for
the handful of flights that use them; even more inefficiencies result if a schedule
calls for two aircraft to be serviced simultaneously while station facilities and
staff remain idle throughout the remainder of the day, or when flights are spaced
so far apart that a second shift must be hired to cover both.
Another restriction on the use of airports relates to the types of aircraft
permitted to operate there. This limit can arise from noise regulation, which may
vary by time of day, or from runway length or construction, or from gate size.
The quantity of fuel available at a station may also restrict the number of flights
or the aircraft types that can stop there.
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2.2 Desirable Qualities of a Schedule
The previous section described the materials, pieces, interlocking relation-
ships and constraints involved in the schedule problem. But what are the qualities
and characteristics of a "good" schedule? Clearly, many valid schedules are
possible, but not all of them are equally attractive to the customer or the airline.
In addition to meeting the many constraints, a scheduler attempts to
produce a plan that constitutes the best possible compromise between the
requirements of the customer and the goals of the airline. This section describes
who some of the customers are and their needs, as well as some of the desirable
qualities of a schedule from the standpoint of airline management.
2.2.1 The Customer's Requirements
The Importance of Service/Demand to Scheduling
As in any industry, the airline's customers are unconcerned with the means
of production. Their primary concern is the resulting product. The product, of
course, is transportation between two points, but there are many other aspects
that are of interest to the customer. Furthermore, there are many different
types of customers, each desiring not only service between different points but
also at different times and with a variety of other features.
Customers are attracted by a variety of factors unrelated to the actual
schedule. These include onboard meals and entertainment, convenient reser-
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vations and ticketing procedures, fast and reliable baggage or cargo handling,
attractive and comfortable terminals and aircraft, and many others. For the
purposes of this discussion, only those considerations that are influenced directly
by the schedule will be considered.
As far as the customer is concerned, the schedule is what is presented in
the Official Airline Guide (OAG) and similar timetable publications. He is not
concerned with how aircraft are routed and turned nor with the complex
compromises that resulted in producing crossovers, satisfied station constraints or
economical crew duty rotations. The bottom line is the table of services between
a passenger's origin and his destination. To understand the customer's viewpoint it
is only necessary to study how he will perceive various alternative services as
presented in the OAG or indirectly through a travel agent or airline reservations
agent.
The market for air transportation is a diverse and highly heterogeneous
one. Both passengers and cargo are carried by airlines. Demand exists between
many market areas, which are defined as geographical regions that are homo-
geneous in that demand for service to them is not affected by which airport
located there is used. A market is a directional pair of market areas such as Los
Angeles to New York or vise versa. Demand for transportation in each market is
highly variable with the time of day, day of the week and season of the year.
Each of these dimensions of demand combine to produce a multiplicity of
different components to the total demand for transportation services.
Passenger traffic has traditionally been partitioned into two classes:
business travelers and pleasure travelers. The business travelers in each market
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are highly sensitive to the time of day and day of the week on which flights are
offered. They are most likely to travel during traditional commuting periods so as
to be able to conduct business on the same day as their trip, or so as to reduce
interference with their working and rest periods. In short and medium haul
markets they usually prefer to travel on week days, whereas on longer haul,
international routes, they often choose to travel on Sunday so as to have
sufficient time to get settled and rested before Monday morning. (See Elias,
1979).
On the other hand, pleasure travelers are more likely to travel during the
less hectic mid-day hours and on weekends. Much larger differences in the
seasonal variations in demand exist for pleasure travelers than for business
travelers.
Cargo demand tends to be higher at night. (Taneja, 1979) Various
companies, freight forwarders and the post office collect cargo throughout the
day to ship after normal business hours for delivery before the start of the next
business day.
Concern for flight times involve a combination of local arrival and
departure times. This is of particular concern for flights crossing a number of
time zones. A five hour flight departing from Los Angeles at 6:00 PM will arrive
in New York at 2:00 AM, clearly an inconvenient time for most travelers. This
problem alone causes very different patterns of demand between different
markets depending on their length and direction.
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The type of service offered is another aspect of the schedule affecting the
customer. It is not merely the increased time of a through or connecting path
that disturbs passengers and cargo shippers. Stops increase the probability of
delays and are uncomfortable for passengers. Connections create the possibilities
of missing a flight and losing baggage or cargo in addition to the drawbacks of the
stop involved. Non-stop service is always the customer's first choice: however, a
through flight or connection at a more convenient time may outweigh inherent
disadvantages. The number of competing nonstops in a market and their
departure times will determine whether other services will be acceptable.
Finally, flight times as close together as one minute may not be viewed
equally by the customer. This condition arises from a variety of causes. Since
services are listed in chronological order the earliest one is the first one
encountered and often the one chosen for that reason alone. The other two
considerations for setting flight times are related to passenger convenience.
Passengers making frequent trips become accustomed to using particular services
at specific times. They may have worked out a routine around a particular
service that they are comfortable with and don't wish to change. Another
convenience is regular service such as hourly, daily, etc. Also, service times that
are round numbers are easy to remember and more appealing so an 8:00 flight
might be chosen over a 7:53 flight just for the convenience of on-the-hour service.
If service were the only consideration, a timetable could be drawn up
independently of aircraft routings that might be a highly desirable product.
However, only the objectives for a desirable timetable can be specified and a
schedule must be constructed to produce a timetable as close to this perceived
one as possible.
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2.2.2 The Airline's Viewpoint
In trying to produce the desired timetable from the service standpoint,
while meeting the many constraints, the airline is also trying to maximize its
revenue and minimize its costs. Although these goals are often contradictory,
carefully planned schedules will optimize potential earnings.
A variety of routing and timing decisions are influenced by the goal of
efficient use of the airline's resources. The primary concern of the scheduler is to
provide flights that will produce sufficient volumes of traffic to fill the aircraft
to profitable levels. This goal can be accomplished through a variety of means.
Some markets, because of their high density, geographic location or heavy
competition will easily justify nonstop service. In many markets, however, the
frequency of flights needed to meet competitive schedules and to provide an
adequate level of service exceeds the quantity justified by the traffic in that
market alone. Two approaches can be taken in this situation to provide
reasonable service without committing the airline to an unprofitable situation.
Both of these involve combining traffic flows from multiple markets on single
flight segments. Which technique will be used depends primarily on the geography
of the network.
The first of these techniques is sometimes called cascading of traffic. This
involves creating aircraft routings between complimentary areas. For example,
imagine a hypothetical set of four cities, A, B, C, and D. If these were all
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connected to one another by nonstop service the number of separate segments
required to serve each market once would be N(N-1), where N is the number of
cities; or in this example, N(N-1) = 12 segments.
But if these cities could be linked together by a single route from A to B to
C to D flown once in each direction, then service would be provided in each
market with only (N-I), or 6 segments. If a link is added between D and A to
route the aircraft in a closed loop, then only N, or 4 segments are required. In
addition to saving the costs of flying the extra segments, each flight will now
have passengers from 3 different markets on each segment. Between A and B the
flight will carry AB, AC and AD traffic. Between B and C it will carry AC, BC,
and BD traffic, and so on.
This simple routing has simultaneously reduced the cost of serving those
markets while increasing the traffic on each segment that will be flown. Of
course, the quality of service has declined from nonstop to through service in 6 of
the 12 markets. For this reason and for a number of others that will be discussed
later, this technique must be used with a great deal of care. Still it is a good way
to provide economical service in markets in which it would otherwise be
impossible.
Another opportunity arises to provide economical service in low density
markets that share a common origin or destination. An isolated market area may
not produce enough traffic in any single market to justify service. But all traffic
originating at this station can be combined and carried as a whole to a convenient
connecting hub. At this point the aggregated traffic flow can be parceled out to a
bank of flights departing that station for any number of destinations. This
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procedure also helps to cascade traffic on those departing flights by increasing
the traffic using various segments and combinations of segments on these flights,
at the expense of making some, if not most, of the direct services into connecting
services.
Despite the power of aggregating traffic flows, many drawbacks exist.
While very high load factors may be achieved using these techniques, profits
might actually suffer if they are not used properly. A scheduler must be careful
to consider costs and revenue above mere traffic.
To really maximize airline profitability not only must high load factors be
achieved on most flights, but also the utilization (average number of hours an
aircraft is flying per day) must be high. High equipment utilization is essential if
the airline is going to be able to cover its fixed costs. Utilization is limited by
the ability of the airline to find markets with sufficient demand. At less popular
times utilization must be sacrificed to preserve average load factor.
The length of a flight segment, known as stage length, also has an
important impact on profitability. Short stage lengths have two major disad-
vantages. First of all, the high costs of takeoff and landing, including ground
handling of the aircraft, passengers, baggage and cargo constitute a large portion
of the segments cost. Although fares can be higher per mile on short haul
segments, they cannot be raised indiscriminately without forcing traffic into
other modes of travel which are readily available for shorter trips. In addition, on
short stage lengths the gate time between segments is a larger portion of the
block time. Thus the maximum utilization possible is severly reduced.
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Yet the objectives of cascading and combining traffic flows is inconsistent
with the objective of maximizing stage lengths. Multiple stops and connections
require shorter stage lengths than do nonstop links between distant stations. Not
only are shorter segments being flown, thereby increasing costs, but, in addition,
long haul traffic that is occupying space on many short haul segments cannot be
charged for the added costs of the stops or the added circuity (see below). If
long haul passengers make up a large portion of the traffic on these short haul
segments, service could be improved and costs reduced by providing more
nonstops.
Another related problem is that of seat "block out". This occurs when a
flight contains both short and long haul segments and there is significant demand
for service in the short segment. On such a flight it is particularly desirable to
fill up the long haul segment or segments since these will produce the most
revenue. If one of the short haul segments becomes filled primarily by local
traffic, then traffic between stations upline from this blocked segment that would
have continued on through the long segment cannot use the flight. For example,
imagine a flight from A to B to C to D, where BC is a long haul segment and AB
and CD are short hauls. If AB demand is high, then AC traffic, which would help
to fill the important BC segment, will be blocked out.
One other factor must be considered when combining links to form routes.
This is the issue of circuity. Fares, at least standard coach fares, are normally
based in large part on the great circle distance between the origin and destination
stations. The actual path taken including intermediate stops and connections may
be much longer, or circuitous, than a direct flight. This not only results in poorer
service to the customer, but also dilutes the revenue per mile, or yield, received.
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In conclusion, the ability to cascade and connect traffic is a very powerful
tool that must be used with care. It is possible for inappropriate routings and
connections to dilute fares, block out traffic and reduce utilization. On the other
hand, proper combinations of the schedule elements can produce a tremendous
synergy. Each flight can be both receiving and contributing traffic support to
many other flights in a profitable manner. All elements of the network can work
together in consistent and compatible ways that result in far greater output than
the individual flight segments could conceivably produce alone.
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3. CURRENT MANUAL AND COMPUTERIZED SCHEDULING AIDS
3.1 Visual Representations of Schedules
How can a scheduler expect to grasp the immense complexities of the
three dimensional and ill-defined aspects of the scheduling problem? Ways have
been found to represent the elements and relationships of a schedule so that they
may be more readily understood and manipulated. These representations are
visual or graphic models of the complete three dimensional picture of the
schedule.
What could have been a four dimensional problem (three in space plus time)
is conveniently reduced to three dimensions by ignoring the vertical component -
altitude. Thus the problem is one of motion on a two dimensional plane or map.
The vertical axis in a three dimensional drawing of a schedule is now free to
represent time. Aircraft movements can be depicted as space-time lines winding
their way from station to station while continuously progressing through time.
Figure 3-1 shows a sketch of such a representation for a single aircraft sequence.
While this representation accurately depicts all of the events that make up
a schedule, it is not a practical tool. The difficulties of drawing three
dimensional relationships on a two dimensional medium make this method cumber-
some. This will be even more true as more aircraft sequences are added. As the
event lines crisscross through the network the diagram will become increasingly
difficult to read. A mechanical version of this model can be imagined using
strings to represent sequences that wind between posts representing each station.
This would soon produce a tangled web of interwoven sequences that would be
impossible to interpret.
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As with any form of mechanical or architectural drawing the solution to
this dilemma lies in somehow eliminating one of the dimensions so that a two
dimensional drawing can be made. In doing this it is important to preserve as
much of the information contained in the original representation as is possible.
Often combinations of different views or cross sections is necessary to completely
represent the original information.
The following discussion describes the possible projections and cross
sections used separately or in combination to compress the three dimensional
picture to two and then to one dimension. Many of the resulting representations
are used by schedulers today and have been named. Some variations exist for
many of those basic drawings. Still, all customizations are members of one of the
basic families of compressed schedule space drawings.
3.1.1 Two Dimensional Projections
Three projections, one parallel to each of the three axis, are possible.
However, the two projections onto the time-east/west and the time-north/south,
plane are very similar. These will be referred to jointly as schedule maps. The
other projection onto the east/west - nortVsouth plane is a quite different
representation known as a route map.
Route Map
Route maps (see Figure 3-2a) are probably the most familiar representation
of an airline network. They actually depict the location of each station and the
links between stations. However, three significant portions of the original
-35-
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information content are lost in this projection. Most important is the loss of all
time information. The essence of a schedule over a mere route plan is completely
lost. Turns and crossovers cannot be shown-this loss is critical.
Almost as significant is the loss of identity of individual routings. All
segments between two stations overlap so that it is impossible to determine the
frequency of nonstop service in any market. Furthermore, a route map, despite
its name, does not show routings. Only links are depicted on this map; the
chronological sequence of segments and flights is lost: through service is not
depicted, only nonstops can be inferred.
These last two deficiencies are partially a result of the loss of the time
variable since frequency and chronological sequence are time dependent relation-
ships. But it is also true that all three of these losses result from the overlapping
of events that are independent when viewed in space-time but are identical when
only their spatial dimensions are considered. For instance, if only one flight were
shown on a route map each of these problems would be resolved.
In Figure 3-2b two flights that have no common segments are shown and
labeled with operating times. Here it is possible to see most of the schedule's
dimensions including the frequency (one) and the routings. Still, without a time
axis it is difficult to visualize the relationships between many events occuring
throughout the system simultaneously. In addition, it is difficult to indicate which
of the potential service offerings have been excluded.
To alleviate the overlapping problem to some extent, a number of methods
can be used. Each link on a route map can be labeled with bidirectional frequency
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of flight segments. In Figure 3-2c the frequency from the first (alphabetically)
station is shown before the reverse direction. This provides nonstop service
information but still does nothing to depict through service or service times.
The use of color, or other discriminating drawing technique such as the
broken lines used in Figure 3-2d, makes it possible to indicate which segments are
members of the same routing pattern. In this representation not only are nonstop
frequencies shown but all through services are shown as well. The crisscrossing
lines within the station symbols indicate how flights turn to one another. If drawn
large enough flight numbers and operating times could be added to this map and a
complete representation of the original information could be achieved.
However, it is easy to see that if many different routings were specified
over the same set of stations it would become increasingly difficult to find unique
colors or line dotting patterns to represent each routing. In high density markets
the number of lines that will have to be drawn will become cumbersome. This
problem will aggrevate the confusion of links that cross each other or that must
be drawn as arcs to avoid passing through intervening stations. Short haul, high
density regions become tremendously cluttered with the volume of service needed
to serve them. These problems, combined with the difficulty of poor depiction of
time and time dependent relationships such as crossovers, make route maps poor
candidates for primary schedule development tools.
Route maps do have some valuable functions, however. They provide a
quick and easy way to grasp an overview of the network geography and link
patterns. They can also be used to display numerical data about each individual
link or market. These provide valuable reference data to schedulers during
-38-
schedule development. In addition to frequency, route maps can be labeled with
costs, fares, origin-destination traffic, on board traffic, distances or block times.
Schedule Map
Schedule maps (see Figure 3-3) are the most basic representation of the
schedule puzzle. They preserve all of the important information about the
schedule while simplifying the representation tremendously. They are often used
by schedulers for small networks; however, as we will see, they become cumber-
some for larger networks.
The projection of a three dimensional schedule space must be perpendicular
to the time axis, however, it may be done parallel to either the north/south or
east/west axis. In fact, any intermediate axis would also be satisfactory. This
arbitrary axis will be labeled the S (for space) axis.
However, an immediate problem with any of these projections can be
recognized. Stations will be located on the S-axis with varying spacing. Some
stations may even overlap or be excessively far apart thereby wasting space on
what will likely be a very large chart already.
This problem is usually solved by mapping, rather than simply projecting
each station onto the S-axis stations are placed at equal distances along the S-
axis. The width of each station is varied to permit the necessary number of
sequence lines to pass through them without overlapping. This width, in fact,
corresponds directly to the number of gates available at each station (see below).
Stations may be mapped in geographical order from west to east or
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north to south, or they may be rearranged in any convenient order. For example,
if one routing is flown frequently, the stations in this routing may be shown
adjacent to one another. The only information lost here is the actual distance
between stations and the direction of each segment. Distance information can be
inferred from the block time of a segment. Directional information, meaning
whether the aircraft is flying north, south, east or west, is of interest in
determining the circuity of a flight, but it is not difficult to refer back to a route
map for this information.
The sequence lines are often labeled with additional data to enhance the
value of the chart. Arrival and departure time may be shown next to these
operations since reading directly from the time axis is somewhat inaccurate.
When this is done the hour is usually dropped and only the minutes past the hour
shown, since the time axis is sufficient to infer the hour. Flight numbers, traffic,
cost or other information can be indicated along each segment line.
The value of a schedule map is that it depicts the pieces of the schedule
puzzle in both time and space dimensions. Relationships between flights such as
turns and crossovers are readily seen. Patterns of service can be inferred directly
by noting the number and times of flights linking two stations. Through service is
also depicted because flight sequence lines are drawn as continuous space-time
lines on the chart. The problem of overlapping lines is not as severe since two
services in a single market are unlikely to occur at the same time, and stations
can be represented not as single locations but as a set of "gates".
No matter how the stations are arranged, some routings will join stations
that are separated by one or more intervening stations on the s-axis. The lines
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connecting these stations must pass over the intervening stations and mingle with
the nonstop segment lines in these markets. Flights that actually proceed on a
very straight course providing good through service between two points, may be
depicted by long lines that not only cross over many other stations, but may even
reverse direction on the schedule map. The problem becomes quite severe when
many sequences are shown simultaneously. The web of lines becomes so tangled
that these charts are often referred to as "spider charts". Sequences become
difficult to trace, service patterns in various markets become obscured and room
for auxiliary information such as precise times and flight numbers is wiped out.
Congestion is particularly acute at connecting banks. The schedule map shows so
much information at once that it can't all be drawn in one place.
Both two dimensional representations of a schedule suffer from this
problem. Too much information is compacted on one piece of paper resulting in
confusion and loss of vital information. The solution lies in extracting or
untangling this information. Four ways exist to extract one dimensional subsets
of the schedule map that are often far more convenient to use.
3.1.2 Cross-Section Views of Schedule Maps
Schedule maps can be cut or cross-sectioned along either the time axis or
the s-axis. A cross-section at a single point in time provides very little visual
information but does serve to count aircraft. Cross-sections of the s-axis can be
made either at a single station, producing a station activity or ramp chart, or
between stations, producing a market profile.
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Aircraft Count
Sequences must be continuous descriptions of the activity of a single
aircraft. All flights arriving at a station either turn to subsequent flights or
remain at that station until the end of the schedule period. Similarly, all flights
departing a station must turn from a prior flight or must have been located at
that station since the beginning of the period.
When the schedule map is cut at a single time across the entire network,
all sequences will be found to be either enroute or on the ground at one of the
stations. The number of sequence lines crossing any time cross section must be
identical for any time chosen. This sum is the number of aircraft needed to fly
this schedule.
This is, of course, a valuable procedure, but very little information is
retained by this cross section of limited value in the entire schedule development
process. Events may occur continuously through time and thus an infinite number
of those cross sections would theoretically be needed to represent the entire
schedule.
Station and Market Profiles
In contrast to the continuity of the time dimension, the space dimension
consists of a finite number of discrete stations and markets. This makes cross
sections along these discrete spacial elements far more valuable as schedule
development tools.
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Figure 3-4a shows a basic station activity chart. Each event, arrival or
departure, is labeled with the number of the flight involved. When charts for each
station are used together the complete schedule can be represented.
Many of the difficulties of the schedule map are eliminated in this
representation. The confusion of criss-crossing lines is eliminated. The routings
of individual flights may still be traced through the flight number labels, although
this is clearly more cumbersome. The labels on each arrival and departure can
include the upline and downline itineraries, respectively. This addition makes the
tracing of flights through the system feasible.
Overlapping still occurs in both the time and space dimensions on the
station activity chart. Many flights may arrive or depart at nearly the same time,
making the chart difficult to draw. To solve this problem, clusters of arrivals and
departures can be mapped to equidistant locations on the time axis and then
actual operation times can be shown. In the space dimension, because it is only a
single point, all events occuring simultaneously at that location overlap. This
problem can be alleviated by expanding the cross section from a single station to
a collection of gates. Each flight sequence is assigned to a gate and remains
there until its departure. No two flights can occupy a gate location simul-
taneously, thereby eliminating any overlap.
Figure 3-4b shows a fully labeled station activity chart with gates. It is
evident that this is a much more valuable tool than the simple version in Figure 3-
4a. In this chart it is possible to trace not only flight routings thorugh the
itinerary tables, but also to see turns occuring at the station. Possible crossovers
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can be readily found on this diagram by looking for flights with compatible
operating times.
It should be noted that these charts are not very efficient in terms of the
area needed to represent them. Itineraries and flight numbers must be repeated
at each station that a flight uses, and the turn information is represented by a
multitude of lines at each station which would be avoided if flight itineraries were
shown strung together on a single line. This concept will be discussed in the next
section.
Another version of the station profile is shown in Figure 3-4c. This is
known as a ramp chart. Upline and downline itineraries are dropped, but the
representation of gates is retained. Flight numbers still provide a means of
tracing the flight's itinerary. In addition, the times needed for maneuvering to
the gate and for the deplaning, enplaning, and cabin cleaning activities are each
indicated separately from any slack, or unused time on the aircraft.
Ramp charts are useful in isolating the problems of gate and station charts
are useful in isolating the problems of gate and station facilities utilization.
Periods of peak activity can be spotted readily. In addition, maintenance
scheduling can be done using this chart to determine when and if a piece of
equipment is at a maintenance base for a sufficient period to permit necessary
maintenance to be performed.
Another important application of the ramp chart is for determining
coverage. The slack periods on each of the aircraft can be integrated to produce
a discrete function over time (see Figure 3-4d) of the number of free aircraft on
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the ramp known as a station activity profile. This function known as the
incremental count. The function is increased by one for each arrival and
decreased for each departure of the same equipment type. This function reveals a
number of interesting things about the schedule. First of all, while the function is
non-zero, at least one aircraft is always sitting on the ground unused. This
situation may be planned so that one aircraft will always be available to take over
for, or "cover", a malfunctioning one. When the function stays above any number
for an extended period of time, this many aircraft are always available. It may be
desirable to use these extra aircraft. Note that, depending on how the physical
equipment is actually turned, these "aircraft" may be composed of different
individual pieces of equipment. By returning some flights the actual aircraft can
be freed during this period.
When an aircraft is available for an extended continuous period except for
a short interruption, this will be seen as a small trough in the function. A minor
change in scheduled flight times could close this gap and free an aircraft for
additional flights or reduce the minimum number of aircraft of this type required
to fly the schedule.
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3.1.3 Projections of Schedule Maps
Probably the most powerful representations of a schedule are projections
of the schedule map onto either of the two remaining axes. A schedule map
projected onto the time axis is termed a sequence chart here, although the
misleading term "cycle chart" is more commonly used. When projected onto the
s-axis, the resulting chart is referred to as a routing chart. It should be noted
that the term "routing chart" is used by some schedulers to refer to station
activity and sequence charts as well, but for clarity, only the more specific
definition.
Both sequence and routing charts are not actually true projections.
Rather, each sequence is projected individually into a one-dimensional form.
These charts consist of a collection of one dimensional representations. The
salient feature of this technique is that it untangles the confused web of lines
found on most of the preceding charts. These charts are thus far more readable
and many important relationships are easily discerned.
Routing Chart
A routing chart results by projecting portions of flight sequences onto the
s-axis. In order for these projections to be one dimensional, the portions
projected must be unidirectional. For example, a sequence that proceeds from
left to right on the schedule map and then reverses direction is shown in Figure 3-
5a. When projected, this sequence produces two lines of the routing chart
connected by an arc to represent the turn. These lines will be called sequence
elements. Each sequence element normally occupies one line on the routing
chart. Space can be saved by using lines for more than one of these sequence
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portions provided they use mutually exclusive sets of stations and thus do not
overlap.
Operating times must be displayed in numeric form since the time axis has
been eliminated. Because time is no longer a factor in the order, sequence
elements can be arranged in any order on the chart. Often, successive sequence
elements belonging to the same sequence are shown adjacent to one another. This
eliminates all crossing lines. It may, however, be more convenient to show those
sequence elements that follow identical or similar routings together. In this form
(see Figure 3-5b) patterns of service in individual markets are easily visualized.
Sequences shown thus may well cross over one another producing some confusion,
but this may be warranted by the increased clarity of the isolated service
patterns.
Although routing charts do untangle the schedule representation, separate
service patterns and depict complete sequences including turns, this diagram has
serious drawbacks. Time information is not graphically depicted and thus many
important relationships do not stand out. Turns, crossovers, gate utilization and
coverage information is not clearly depicted. The importance of these situations
and other space-time relationships makes routing charts relatively poor schedule
development tools. They are, however, useful for presenting finished schedules
because of their clear and compact representation of service patterns.
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Sequence Chart
Sequence charts combine the three most important features found in the
other charts. First of all, because sequences are projected onto the time axis, the
important time relationships are maintained. Secondly, individual sequences are
untangled into separate lines, each representing the flow of a single aircraft. No
retracing or crisscrossing is necessary. Finally, turns are clearly depicted without
explicit turn lines that point from one flight to the next. Each flight is physically
located adjacent to its logical predecessor.
Figure 3-6 shows a typical sequence chart. (Because of the confusion
between the terms "sequence" and "cycle" this is often called a "cycle chart.") In
this chart each stop is shown in its proper location along the time axis and is
labeled with the minutes portion of the time to help pinpoint each event. Each
line, representing one sequence, is labeled with an aircraft type.
Sequence charts do not permit one to view the operations at a single
station easily to find turns or crossovers. They do, however, provide an easily
interpreted and easily drawn display of the information contained in the schedule.
Their other main drawback is the fact that to move a flight from one sequence to
another requires that it be completely erased and redrawn. When done manually,
this involves a great deal of effort for a relatively simple modification.
Once a number of stops at a station has been identified, it is easy to see
whether they line up properly to permit turns or crossovers. The effect of sliding
a flight can also be easily discerned. The flight can be thought of as physical
markers on a track that can be pushed back and forth as appropriate points are
aligned. The spacing of services throughout the day can be observed to determine
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that appropriate coverage of each market has been provided. Stops at each
station, once found, can be evaluated to determine if a congestion problem will
occur. Alternative turns can be easily evaluated by observing the turns at each
station to determine whether a flight could fit into another sequence without
being slid. In general, the sequence chart is the best overall display for
performing all of the necessary scheduling functions.
3.2 Prior Applications of Computers for Schedule Development
In the past, the complex, difficult and important task of scheduling has
been studied by schedulers, computer analysts and operations researchers. Many
computer programs have been developed to aid schedulers or even take over some
of their functions. However, as far as is known to this author, no airline has
considered replacing its scheduling department with a computer or even including
a computer program as the focal point of the scheduling process. Of course there
are political reasons why this may never happen; even so, much of the failure of
these projects can be attributed to the limitations of the application programs
themselves.
Existing programs can be categorized into three groups. The first includes
the attempts to generate desirable and valid schedules through automated
algorithms. The second include batch processing applications developed to enter,
store, validate, format and distribute schedule information. Finally, we have seen
the recent emergence of online programs to permit entry, manipulation and
analysis of schedules as well as access to pertinent traffic, cost and revenue data.
Due to inadequate command languages, manipulative capability and graphics
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support as well as limiting assumptions, these programs are inadequate sucessors
to current manual schedule development procedures.
3.2.1 Automated Programs
Numerous programs have been developed to optimize or produce good
heuristic solutions to various segments of the scheduling problem. Separate
problems are usually defined for determining the routing of flights, the optimal
frequency of these routings, the dispatching of these flights at optimal times of
the day, and the turning of aircraft to minimize fleet size while meeting
maintenance and station constraints.
Simpson (1969) describes how linear programming, integer linear program-
ming and combinatorial programming techniques can be used to solve many of
these problems. However, these techniques are limited by the assumptions and
subjective input data that they require. Frequency/aircraft type determination,
known as fleet assignment, requires an estimation of the functional relationship
between frequency and demand and dispatching models use a curve of demand by
time of day in their objective functions. Cost and revenue estimations are also
required for some of these procedures. Such explicit expression of subjective
information is not only difficult and time consuming, but inaccuracies will lead to
nonoptimal solutions.
Another problem with these techniques is that they only consider a limited
number of the factors that influence the development of a good schedule.
Historical service patterns often need to be preserved, even though they do not
fit into the optimized schedule. Some routings, schedule times and turns may be
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considered important by the scheduler for marketing or operational reasons that
cannot be expressed in the optimization program.
A major drawback of these solution techniques is their independent
approach to each segment of the overall problem. No feedback mechanisms exist
from one procedure to another that permits reformulation of one problem in light
of the outcome of a latter one. In addition, some of the algorithms themselves
only provide local optima. For instance, the dispatching models optimize for each
route but do not consider the interdependent relationships between flights needed
to form crossovers. In fact, crossovers are ignored or only considered as an
afterthought by all of these algorithms.
Inspite of these problems, some algorithms play an important role as a
supplement to the scheduling process. They often provide a first cut in situations
such as mergers or in new markets where past experience can't be used as a guide.
Aircraft routing models are particularly useful since they are the least subjective.
A variety of systems designed to schedule aircraft have been implemented by a
number of foreign and domestic air carriers.* While none of these has replaced
schedulers, they all provide valuable tools for designing and evaluating schedules.
3.2.2 Batch Processing Aids
To deal with the complexity and detail of a schedule with sufficient
accuracy and speed, a number of tools have been developed to translate schedule
*See: Etschmair; Frey; Girard; Labomba:da; Loughran; Mathaisel; Niederer;
Useros; Walker-Powell and Williamson.
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data from manual media to machine readable form. Validation, summarization,
evaluation and vizualization of the schedule can be performed once it has been
entered. These functions aid the scheduler in the iterative process of schedule
development even though they have no immediate input into the initial develop-
ment of the schedule.
These programs are usually designed to accept completed schedules in the
form of punched cards with information on each flight. Once entered, the number
of aircraft used, utilization of aircraft and station facilities, average segment
length and other global parameters can be computed. Checks can be made for
balanced flow, sufficient maintenance time, accuracy of manually computed block
times, flight number repetition, connection feasibility, and many other details
that may have been overlooked or erroneously specified.
Reports can also be generated by these programs that allow rapid, accurate
and concise communication of a proposed schedule to various departments within
the airline. Reports on station activity, maintenance time allotments and service
patterns can easily be produced allowing each department to see that information
which is important to it in the format it is best able to use. Maintaining schedules
within a computer facilitates long term storage and permits quick retrieval of
historical schedule information.
The availability of proposed schedules in computer readable form also
permits operations researchers to analyze the schedule using previously prepared
programs. Although they cannot be used in the original schedule development,
these analyses may provide important feedback to schedulers on how certain
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aspects of the schedule might be improved or how profitable the proposed
schedule is likely to be.
3.2.3 Online Scheduling Aids
The final category of scheduling tools are the most powerful and the
closest approximation to the proposed schedule development systems. Because
they are online, they can provide schedulers with instantaneous responses to
questions and validation of input data. These systems are the true forerunners of
the current work in that they recognized the essential role of human judgment in
the scheduling process and attempt to aid the scheduler by providing tools.
Three such systems are known to this author. One developed by Potomac
Scheduling, Inc., called SPS provides online access to an extensive service, traffic
and operating statistics data base as well as models for forecasting the impact of
schedule modifications. The second system, developed at Eastern Airlines, is the
first known attempt to provide a tool for maintaining a schedule data base
concurrently with the manually produced form. The third system, developed at
the Flight Transportation Laboratory at M.I.T., known as the Competitive Airline
Strategy Simulation (CASS) contains a powerful scheduling tool known as the PFP
as well as traffic allocation and operational forecasting capability.
Potomac Scheduling's SPS (Labovitz,1978) was designed for and with the
help of American Airlines. As a result, it permits all of the flexibility to handle
complex schedules with varying days of application, multiple schedule periods and
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multiple versions of a single schedule proposal. Without these features, a system
could only have theoretical or academic but not practical commercial value.
SPS performs two major functions. It provides an extremely flexible
command language for accessing the existing data base, which includes complete
current and historical schedules and statistical information on traffic, costs and
revenue. Its second function is to accept proposed schedules and forecast their
value. To do this, some commands are provided to enter and manipulate flights.
Other commands call back flight information for review and modification. A
scheduler could presumably sit at a terminal and design a schedule with no other
assistance.
However, this is not a realistic expectation given the limitations of SPS. It
was designed primarily to analyze schedule changes in terms of their marketing
and operational impact rather than to act as the primary medium for develop-
ment. For instance, flights are specified without regard to turns, which is not
important to the analysis of flights but is to the operation of the schedule.
Displays are all in the form of tabular reports which are produced on teletype
equipment. No facility exists for sliding flights and crossovers are not expressed
explicitly; so no warning is produced when a deletion or modification makes one
infeasible. These deficiencies make SPS a poor substitute for manual methods,
although it is a valuable reference tool that can provide direct assistance to
schedulers.
Eastern Airline's system (Smith and Kyle, 1972) while not providing access
to competitive schedules or forecasting capability, comes closer to being an
interactive graphics tool that a scheduler might use to replace wall charts and
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other manual techniques. In fact, this is the expressed purpose of the project,
although subsequent inquiry indicates that it was unsuccessful in reaching this
goal.
This system uses three CRTs, a line printer, and a keyboard arranged in a
work station for one operator to use. The CRTs simultaneously display data on
flights, summarizations and statistics for the entire schedule and diagnostics that
aid the user in finding errors.
Like SPS, this system has the complexity necessary to represent actual
commercial schedules. It also handles information on turns although it too
neglects crossovers. Its use has been limited to translation of wall charts to
electronic storage, a task which is performed by a keyboard operator, not a
scheduler. Its primary failure appears to be that only individual flights can be
shown; relationships between flights or groups of flights relevant to a particular
decision are not displayed together in an easily comprehended format.
M.I.T's CASS system resembles SPS in that it provides the user with
traffic, revenue and cost estimations for hypothetical schedules. However, it is
the schedule development tool included in CASS, known as the PFP, that is of
interest here. The PFP differs profoundly from the SPS counterpart.
The PFP (Elias, November, 1979) is much more of a theoretical foundation
for an advanced scheduling tool than a practical application for commercial use.
Only daily schedules can be handled, turns are not included in the data base and
multiple itinerary flights can't be handled. Crossovers are not specified but
/
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individual connecting services can be and the validity of these is checked against
global crossover parameters.
Even though the PFP uses a line printer for input and output, it provides a
very interactive environment with immediate feedback on errors, market and
station summaries, balanced flow, equipment utilization and other useful infor-
mation. Simple sliding operations can be performed as well as other modifications
of basic flight data. Station activity profiles can be produced to assist in turn
decisions even though these decisions must be recorded externally to the program.
In spite of its many valuable features and explicit design as a schedule develop-
ment tool, the PFP doesn't go far enough to be considered a practical scheduling
tool.
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4. INTERACTIVE GRAPHICS DESIGN FOR SCHEDULE DEVELOPMENT
4.1 The Advantages of Interactive Graphics
No computerized tool yet designed has been accepted by schedulers to assit
them in the development.process. This is certainly the fault of the tools that
have been offered to date. None of them are capable of becoming an integral
part of the scheduling process. They perform certain useful functions such as
validity confirmation and report production to facilitate communications; some
even act as a desk top calculator to perfom some routine calculations for the
scheduler.
For a computer system to play a central role it must meet two essential
requirements. First, it must be able to accept and process a scheduler's decisions
in the time frame in which they are made. For it to provide any support to a
scheduler in his decision making process it must be involved in these decisions as
they are made. Responses to any decision must be made immediately if they are
to be of any value to a scheduler. It does very little good to have information
about a problem that has already been resolved.
The second requirement for a computer tool designed to be part of the
scheduling process is that it must become the primary medium on which the
schedule is developed, stored and displayed. In other words it has to replace the
manually drawn wall charts. If a scheduler feels he must develop the schedule
Lo.ic.ie in orler io grasp its complexities, he is unlikely to take the time to
ria-s.-ribe the information from manual to electronic form. This task would be
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easily to understand and use. Without graphics and interactive capability a
computer is worse than useless to a scheduler-it is a nuisance.
But why should a scheduler use a computer rather than the familiar
techniques he has always used if it merely replicates the manual methods? The
capabilities and advantages of using a computer to develop schedules goes far
beyond its ability to merely replacate manual methods. If fully utilized, the
computer can dramatically alter the schedule development process. Many aspects
of the development can be simplified and the inherent complexities can be more
easily visualized and understood. The speed at which schedules are developed can
be increased substantially, making more intricate and efficient schedules possible
while simultaneously increasing the number of schedule alternatives that the
airline can choose from. Finally, communications between the scheduling
function and other parts of the organization can be improved in quality and in
speed.
4.1.1 Simplification
Many routine tasks that a scheduler must now do manually can be
performed more efficiently by a computer. These tasks are those that can be
fully specified in advance and which are performed repeatedly. Thus, a scheduler
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Thus, a scheduler can be relieved of the tedious and mindless work that presently
bogs down his decision making ability throughout development.
A number of cc rnrLutations and data validations must be accomplished.
Block times are computed, time constraints are checked for consistency and over
constraint, aircraft types and stations are checked for validity, operating
restrictions are checked, stage lengths and circuity are computed, costs and fuel
use ae estilnated and flight numbers are cross checked for repetition.
As the information for a flight is entered all appropriate checks and
computations will be made automatically. In this way an error can be detected
before continuing the entry of an already invalid or inappropriate flight. This can
save a great deal of time that would have to be spent retracting the information
later to find an error. Before a flight is entered as complete, a check is made to
determine that ail required data is present.
As we have seen, scheduling involves a great deal of complexity in terms of
the number of constraints, opportunities and relationships that must be considered
simultaneously. User specified constraints, turns and crossovers must all be
consietered e-ach timrne a small modification is made. Many simple tasks involve
tedious bookkeeping that not only wastes a scheduler's time but is prone to errors.
Calculations of such things as average utilization broken down by daily sequence
and aggregated by period, aircraft type or airline are exceedingly time consuming.
Because of this, a human may only perform these tasks infrequently after large
portions of a schedule have been completed.
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While a computer can not produce a valid schedule, it can validate one
against a predetermined set of criteria and help a schedule find errors and
opportunities to correct them. The computer can count aircraft using a simple
preset algorithm. It can find discontinuous flow in a sequence or sequences that
simply stop and do not turn to other flights. Maintenance requirements can be
specified and each sequence checked for compliance. A computer can assist by
helping the scheduler trace the consequences of hypothetical modifications. By
relieving the scheduler of the tedious burden of manually tracing long chain
reactions through a complex schedule he will be able to consider many more
possibilities and find solutions that were previously too complex to find. Even
though the computer makes no decisions for him, a computer can make infor-
mation available to a scheduler during the development process when it is of more
use and may influence his decisions. This is particularly important for station
activity and market evaluations that can directly affect a scheduling decision.
4.1.2 Visualization
As earlier discussions have indicated, scheduling lends itself to visual
representations. However, as also noted, no single format adequately captures all
of the complexities or the quantity of information required. Before making a
decision all pertinent information must first be found -- a difficult task in itself.
A visual search combined with some memorized or written indexes must be used
to scan the room full of wall charts to find all flights relating to one problem.
Even then, the depiction of all this information will remain in disjoint locations
making it difficult to get a good visual grasp of the problem. It is often necessary
to view a schedule through multiple projections or vantage points. It is also
convenient to be able to extract and untangle only that portion of the schedule
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that relates to the decision at hand. Changing one flight on only one wall chart
may involve tedious erasing and redrawing. On more than one chart, changes may
be so difficult to keep up with that schedulers are forced to limit themselves to
one general chart.
Beyond its ability to emulate the manual graphics tools-wall charts-a
computer can easily translate data from a format convenient for one task or
phase of the development process, to another format. It can also bring all of the
data needed for a single decision together in one display on an ad-hoc basis. While
this adds no new or derived information to the problem, it does vastly improve the
scheduler's ability to use the existing information fully. Furthermore, the com-
puter finds and collects this information faster with far less physical and mental
effort on the part of the scheduler. Finally, modifications can be effected with
minimal physical effort on the part of the scheduler.
4.1.3 Communication
Including a computer in the scheduling process has important ramifications
beyond its ability to aid an individual scheduler with his own job. By placing the
schedule in a computer where it can be accessed repeatedly by multiple users
throughout the development period, communication, both among schedulers and
between schedulers and other concerned groups within the airline, is enhanced
dramatically. Improved communications results not only in better schedules but
in better airline planning as a whole.
Schedulers already ha/e standardized ways of describing and representing
the information they need to use and communicate. However, it is not always
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easy to recreate and describe the thought process that leads up to a decision or
the discovery of a problem. It is often a complicated series of discoveries and
insights that bring a scheduler to a particular decision or the realization that a
conflict exists in the schedule.
On a wall chart one can not draw this thought process as it leads from one
end of the room to the other. But by reproducing the successive displays that one
scheduler used, he can reconstruct his thoughts and relate them to another
scheduler. A problem that one scheduler found on a wall chart may be difficult
to find again, while a problem found by the computer or that clearly stands out on
a particular display can easily be recalled and dealt with.
To the extent that any differences do exist between schedulers in the way
they construct and represent schedule information, the computer will help
standardize them. This alone will facilitate communication. It will help new
employees learn procedures faster and provide a common framework for schedule
developers working on current and future schedules.
More importantly, communication between schedulers and the rest of the
organization can be improved. Programs already exist to help a clerk to
transcribe a schedule from wall charts to machine readable form. These programs
then can produce reports for operations, upper management, traffic forecasting
and other interested departments. Alone, this capability speeds the process of
diseminating the schedule so that it may be reviewed, problems found, suggestions
made, and operational plans prepared. The iterative process of successive
schedule refinements can thus be accomplished.
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With the computer involved directly in the schedule development process,
communication can be continuous. Rather than just reviewing the completed
schedule, review becomes an ongoing process. This involves the other
management departments in some decisions and allows appropriate modifications
to be made before the schedule is locked in and difficult to modify. This ongoing
communication with the scheduling function makes other departments more
cognizant of the problems schedulers face and enhances the responsiveness of
schedulers to other parts of the organization.
Computer readable schedules open up another door that holds considerable
promise. It will allow more subjective computer analysis incorporating modern
operations research techniques to be performed. For instance, traffic allocation
and revenue forecasting programs such as CASS can be applied to schedules as
they are developed to aid the scheduler. While this kind of analysis is useful after
a schedule is completed, it does not to have the impact it will have when it can be
applied during the development. When the scheduler has immediate feedback on
the impact of a decision this information will become much more valuable and
have a larger impact on the schedule.
Finally, communications will improve simply by speeding up the scheduler's
job, allowing more schedules to be produced in a given period of time. While only
one iteration of a schedule is now often the maximum possible, computer aided
scheduling mkaes many iterations feasible. This permits far more of the
suggestions of other departments to be evaluated before the schedule is impleme-
nted; consequently problems can be detected in the planning phase rather than
after they arise during actual operations.
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4.2 The Advantages of Interactive Graphics
As we have seen, the schedule development process is very complex and
requires that an intricate schedule be produced, manipulated, validated and
evaluated. Each phase of this process has somewhat different requirements in
terms of both the kind of information that must be available and the way in which
it is displayed. Before going on to discuss the advantages and design of
interactive graphics to aid the scheduler, each of the identifiable phases of the
scheduling process will be evaluated to determine the differences in information
requirements for each phase.
It should be noted that these phases are not chronologically distinct, rather
they are unique in terms of the activities and information required by each.
Although portions of a schedule may be produced, manipulated, validated and
evaluated, in that order, it is frequently necessary to revert to an earlier phase.
After an initial validation uncovers a deficiency, additional pieces of the schedule
must be produced and/or manipulated. In fact, the validation of a particular
addition or modification may be made immediately, and thus these phases may in
effect occur simultaneously.
4.2.1 Production
Schedule production is the function of constructing flights. A flight in its
most basic form consists of a unique flight number, an aircraft type, a number of
routings, validity dates for each routing such that no more than one routing is
valid on any given day, and a consistent set of arrival, departure, ground and
flight times. This is all that is required to define a flight; however, some
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additional information can be associated with each flight that will be useful in the
manipulation and evaluation phases or will provide valuable reference data for the
scheduler.
The most important addition to the basic information is a set of constraints
on the times set for each itinerary. Each time required for a unique and
unambiguous definition of an itinerary can be constrained in two ways; either an
absolute or a relative constraint can be set. For instance, an absolute constraint
would be: the departure from station "A" must occur between 7:00 and 7:10 or,
the ground time at station "B" must be between 10 and 20 minutes. A relative
constraint would be: the arrival at "A" can move no more than 10 minutes earlier,
relative to its nominal value; or, the ground time at B cannot be more than 20
minutes longer than it already is.
These constraints can pin, bracket or limit a departure or arrival time. A
pinned constraint is one that allows no movement either earlier or later. A
bracketed time constraint allows movement both earlier or later but only to
certain limits in each direction. A simple limit constraint only restricts
movement in a single direction.
Time constraints entered by the scheduler with the flight data serve to
help translate subjective discussions into firm, quantifiable values. For instance,
if flight 101 has always departed station A at 9:00 and the continuity of this time
is important, the scheduler has the option of noting this requirement explicitly to
serve as a reminder later in the schedule development process. As an additional
reminder it may even be valuable to associate a reason for each constraint with
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that constraint for subsequent reference. This is particularly important if more
than one scheduler will be working on a particular schedule.
Other information that a scheduler may wish to associate with a flight
relate to cost and operational requirements. For instance, each segment may
have a marginal operating cost that will be useful during the evaluation phase.
Fuel requirements and fuel loading plans can also be associated with appropriate
segments and stops. The crew required to fly a particular leg may also be
included here for tallying later. Service offerings can be excluded from a flight.
For instance, an itinerary such as A, B, C, D may exclude AD service. The
inflight services or amenities, such as meals, can be noted here as well.
Many additional pieces of data will be entered with a flight as the
scheduler required. The important issue here is that a great deal of nonessential
data may be available that will not be used during certain later phases. This
requires that the production of a flight be done through different displays and
using different techniques than those used in other phases. The design of tools for
this phase will reflect these requirements.
4.2.2 Manipulation
During the manipulation phase, a scheduler is concerned with the basic
relationships between flights -- crossovers and turns. Using the flight itineraries
produced earlier, the scheduler must be able to vary the operating times of a
flight, (while keeping the rest of the flight's structure), an operation known as
sliding.
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The complex process of turning, crossing and sliding flights can be aided by
appropriate representations and techniques. Tools designed for this phase should
help the scheduler grasp both the extensive opportunities available as well as the
numerous restrictions present. Since this phase is only concerned with space-time
relationships, all of the other data associated with each flight itinerary is
necessary. In fact, even the flight number is superfluous, although the time
constraint information is very valuable here, as are the operating times, the
itineraries and the turn and crossover information.
The fact that individual itineraries have repeated applications (days on
which the itinerary is applicable) complicates the process of schedule manipula-
tion and in turn the design of tools to assist it. A particular itinerary may turn or
crossover to a different set of flights on different days. When turning, crossing or
sliding such an itinerary the implications of that action may extend not only to
many flights but to flights on many days. All of these implications must be
observed and handled for successful manipulations to occur.
The process that a scheduler uses to go about making modifications makes
it possible to identify those sets of data that will be relevant to any particular
decision. It can be said that a scheduler makes one decision at a time, thereby
simplifying the problem to supplying information for that decision only. But this
is not, in fact, the case, since the impact of one decision may require another
decision to be made and then another and so on. This is essentially a recursive
process since a whole chain of decisions may be required, each one permitting the
previous one to be made. This problem is analyzed later; first, the question of
how each individual decision is made independently is considered.
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If the turning of a single flight can be considered independently then a set
of required information can be identified. Since a turn occurs at a specific
station and at a specific time it is useful to see all flights that originate and
terminate at that station within a limited band of time. This information supplies
all of the alternative turns that could be made including which ones have already
been designated. With this information it is possible to turn one application of a
flight to one application of another flight. Of course, each application of a flight
must be turned separately. Thus, to turn one flight requires that this process be
repeated once for each of the application of each of the flight itineraries.
Unlike a turn, a crossover between two itineraries with multiple applica-
tions is valid on every day for which both of those itineraries apply. Since
crossovers also occur at a particular station during a narrow timeband, it is again
convenient to produce a set of itineraries that have these characteristics and are
thus candidates for crossovers. However, in this case, not only will one day's
crossovers be needed, rather all crossovers possible on any of the applicable days
of the itinerary of interest should be included. Each potential crossover must, of
course, be labeled with its applicability. With this information, all desirable
crossovers for each application of the flight can be found and specified.
When sliding an itinerary, it is essential to know every relationship that
exists between that flight and other flights. Crossovers for all days of application
must be included as well as every different turn that the itinerary makes. When
the flight is slid, all of the relationships can be observed and any potential
conflicts spotted. The time constraints placed on the flight when it was first
entered also come into play here. When a turn, crossover or constraint will be
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broken by a slide, this information must be made available to the scheduler so
that appropriate modifications can be made.
The issue of recursive decision making indicates the need for one addi-
tional set of information. Analysis of a typical recursive decision chain
demonstrates this. Suppose flight 101 must be crossed over to flight 102 but that
flight 102 leaves too early. Flight 102 must be slid to a later time, but this may
conflict with its turn to flight 103 which departs too soon after 102 to allow 102
to be any later. To solve this, 102 is turned to another flight, 104, that leaves
later. Now the flight that turned to 104, 105, is turned to 103 so that the flow
remains continuous. But, conceivably, 105 is too late to turn to 103, so it must be
slid earlier. This, in turn, could violate a crossover somewhere between 105 and
another flight...and so on; it could be endless.
To help a scheduler find his way through this maze, a summary of each step
can be kept. This summary would indicate each desired change and the
consequences of that change. When a resolution is finally formulated, the whole
chain can be traversed in reverse effecting each desired change. This process
makes possible review of all the implications of the single initial decision and
evaluation whether it is a worthwhile change. It is also possible to identify
situations where a decision contradicts an earlier one and is therefore not
allowable-a deadlock situation. The scheduler would then attempt a different
resolution.
Because of the complexity of the problems encountered in this phase of the
scheduling process many alternative displays and procedures must be designed to
aid the scheduler. The primary goal of these tools will be to discover problems
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and indicate them to the scheduler. Convenient ways must be found to represent
each of the alternatives and restrictions that the scheduler is faced with, and to
help him find appropriate solutions.
4.2.3 Validation
Each flight, turn, crossover and slide must be individually validated. All of
the information supplied must meet a certain set of minimum requirements. For
example, flight numbers can not be duplicated, two itineraries of the same flight
must not have the same application day, turns and crossovers must allow adequate
time between arrivals and departures, etc. All of this validation can be done on
an individual basis as each entry or decision is made. However, some validations
are of a more global nature and therefore constitute a separate phase of schedule
development.
Three major forms of global validation can be discussed. These are
determinations of aircraft count and of balanced, cyclic and continuous flow in
the network -- aircraft count which were described in Section 2.1.4. The first
two, however, are only relevant to the boundaries, i.e., the beginning and end of
the schedule period. Only continuous flow and aircraft count are of particular
significance to a scheduler. As long as a consistent and continuous physical flow
of aircraft exists from the beginning to the end of the schedule period, the net
flow of aircraft from one initial state to another final state is only of secondary
importance. The number of continuous sequences defined by a schedule determine
the number of aircraft that are required to fly it.
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Every flight could be considered to be a sequence by itself. A single flight
that flies on one day of a schedule period is a continuous sequence for an aircraft
that sits and waits for days, then flys one flight and sits again until the end of the
period. When turns are specified between a set of flights, however, these flights
form a longer continuous sequence that can still be flown by one aircraft. In
tabulating the number of aircraft required to fly a schedule all of the continuous
sequences must be counted, regardless of length.
If two flights are assigned to adjacent positions in a sequence (one before
the other) but are not turned to one another, a discontinuous sequence results.
Until a flight or a turn is added between them that joins the two discontinuous
portions of the sequence, two aircraft are required to fly them. This indicates a
simple way to count the aircraft requirement of a schedule. For a set of N
flights, N-1 turns are required to produce a sequence that can be flown by one
aircraft. Note that if the last flight in a sequence is turned to the first, a cycle
is formed, but one aircraft is still required; therefore, cycle-turns are not con-
sidered in this calculation. If the number of non cycle-turns are subtracted from
the number of flights the result will be the number of aircraft required to fly the
schedule as it is currently defined.
It is also useful to count the minimum number of aircraft that would be
required to fly a given schedule. This can be compared to the current count to
evaluate the efficiency of the turn pattern. The minimum is found by performing
an incremental count of aircraft at each station for the entire period. The
differences between the minimum count and the count at a given time, summed
for all stations and added to the number of aircraft in flight at that time, yields
the minimum aircraft requirement.
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Three methods of finding inefficiency in the schedule are possible. The
first two are accomplished by observing the originations and terminations at a
single station. If it is found that an aircraft arrives in time to be turned to
another out going flight, but is not yet turned to any flights, the specification of
this turn will eliminate one aircraft from the number required. The second
method is to observe the pattern of originations and terminations to determine
whether extended periods of time exist during which at least one aircraft is
always on the ground at a particular station. It need not be the same aircraft,
only the same type. If a period of sufficient duration to allow a flight or sequence
of flights to be made that will return the aircraft by the end of the period, then it
is possible to turn the existing aircraft in such a way as to free one to make this
flight.
The final means of uncovering incomplete turns is to locate discontinuous
sequences. When one flight in a sequence does not turn to the next one, this
discontinuity creates the need for an additional aircraft. If the two flights do not
terminate and originate at the same station, it is necessary to either add a flight
that bridges this gap, delete a flight or reassign these flights to other sequences
where they can successfully be turned.
An additional validation is necessary to assure that all maintenance
requirements are met. Each sequence can be checked separately to determine
whether it spends sufficient time at appropriate maintenance bases. A prede-
termined set of guidelines can be established such as "each aircraft must spend 8
continuous hours at a maintenance base at least every other day." The schedule
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can then be scanned for violations of this requirement. It is possible that by
turning aircraft differently some idle time on one aircraft can be assigned to one
in need of additional maintenance time.
When all input data has been checked for accuracy and consistency, each
sequence has been completely defined, maintainence requirements are met, and
the proper number of aircraft are used, then the schedule is validated. Although
validity checks may be performed periodically during the production and mani-
pulation phases, they are not an inherent part of these tasks. A number of
displays and procedures for confirming and aiding the creation of valid schedules
are needed.
4.2.4 Evaluation
The evaluation process may also be done periodically or even concurrently
with the other phases of schedule development. However, requirements of the
evaluation phase differ from those of other phases and they are not essential to
the tasks in these other phases.
Evaluation is the process of reviewing the consequences of the schedule to
determine whether it meets the goals the scheduler strived for. These goals
relate both to the services offered and to the efficiency and economy of the
schedule. Service evaluation involves looking at the services offered in each
market and comparing them both with the desired pattern and against competitive
offerings. Economic evaluation is done to determine if all of the airlines
resources (aircraft, station facilities, maintenance facilities, etc.) have been fully
but not over utilized.
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Service evaluation is a particularly important function. In order to
accomplish this function, services must be extracted from the network of flights
and crossovers. It is difficult to evaluate the service pattern in a single market
from the complex web of services in all markets. However, when isolated, service
patterns over a period of time can be observed and evaluated effectively.
When evaluating services, it is important to be able to distinguish clearly
between different types of service. A depiction of services is deficient if the
distinctions between nonstop, through and connecting service are not immediately
and graphically apparent. It is essential that the scheduler be able to find periods
when service is either inadequate or excessive for a given market demand and
competitive environment.
Two items are particularly important to the goal of efficiency, these are:
station and aircraft utilization. In schedule preparation, the problem of station
utilization can be reduced to gate utilization. The concern here is that the
schedule require only available gates and that no excessive peaks of activity occur
at a station that would require large numbers of gates and station personnel for
brief periods and go unused at other times.
To make this evaluation, an an analysis of station use similar to the one
made for services. All of the ground portions of each flight and interflight
periods need to be aggregated, one station at a time. This subset of the full
schedule facilitates to observation of the activity at each station and identifi-
cation of peak periods. This process may be done concurrently with the schedule
manipulation phase to deal with problems quickly.
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Aircraft utilization is another important measure of the efficiency of a
schedule. Aircraft utilization is, of course, a discrete quantity -- an aircraft is
either flying or it isn't. Therefore, it is necessary to measure average utilization
for one or more aircraft over a period of time. A global average utilization for
all aircraft during an entire schedule period is a useful measure of the overall
efficiency of the schedule. However, to pinpoint deficiencies more specific
averages are important.
Utilization can be calculated for each type of aircraft separately. This can
be further broken down into utilization for each individual aircraft sequence over
the schedule period. Finally, utilization for an aircraft, a type or the whole fleet
can be computed for a smaller period such as a day or a week. Although it is
always possible that low utilization on one aircraft or on one day is necessary so
that aircraft can be positioned for important flights or maintanence, these
averages help identify weak areas in the schedule.
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4.3 Requirements of CRT Displays
It may seem tempting to simply program a computer to draw identical
replicas of the scheduler's wall charts. However, this is impractical if not
impossible due to the restrictions imposed by the CRT* display and is not
desirable since it would not permit the dynamic capability of the computer to be
utilized. In addition to the many advantages of interactive graphics, some
drawbacks also exist. The size of a CRT cannot approach the size of a room full
of wall charts. Screen resolution-the number of discrete addressable locations--
cannot easily approach what can be reached with pencil and paper. Location,
content and format of display elements must be deterministically specified for all
possible situations so that the user not be required to complicate his job by
supplying this information. Each of these constraints must be considered in the
design of a suitable CRT display.
4.3.1 Size
CRT consoles range in size from a few inches to a few feet across. Yet
even the largest of these can present only a function of the data shown on the
wall cahrts currently used. Of course, the screen can act as a window that could
be slid around so that various portions of the wall chart become visible. The
problem then reduces to a question of how much can be displayed at one time.
*The term "CRT", which literally means Cathode Ray Tube, will be used here to
refer to any number of terminal screen displays that could be used with possibly
better results at lower cost. Other technologies include liquid crystal and plasma
displays.
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The problem with this approach is that the limited screen space may
contain extraneous information while excluding pertinent information. There is
no guarantee that a wall chart can be drawn with all related flights on adjacent
locations. To save space, displays for a CRT must compress the available data
into as compact a form as possible for the current requirements of the scheduler.
This is done by eliminating irrelevant data, overlaying supplementary data and
physically compressing the representation as much as possible.
Only those flights which relate to a particular decision should be shown.
This subset of the total schedule must be extracted according to some set of
unique characteristics exhibited by the flights and then only the necessary
information about each flight should be displayed.
Once the appropriate information has been selected it must be presented
by the most efficient means possible. This is accomplished through three
mechanisms. Data items must be arranged on the screen to maximize the portion
of the screen allocated to actual data versus that allocated to spaces, hyphens or
other non-data elements used purely for readability. Secondly, special symbols
other than standard alphanumeric and punctuation characters can be used to
represent data in particularly compact forms. Finally, some information can be
shown in the same location as other data through the use of color, intensity and
other screen highlighting techniques.
A large portion of the wasted space on a wall chart is required to indicate
relationships between data items. Many of these relationships can be indicated in
more compact format that eliminate essentially uninformative gaps in the display.
One good example is the relationships between flights in the time dimension.
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While it is important to show events to scale along the time axis for some
applications, this wasteful representation can be compressed significantly. By
explicitly indicating the time of each event directly adjacent to those events, the
need to represent the time dimension through the physical location of data can be
eliminated. To further reduce the required space, the hour portion of the time of
each event can be removed and a single time scale placed at the edge of the
display. Even in highly compressed form, the explicit minutes and implied hours
are sufficient to uniquely identify the time of each event.
In contrast to the above example where the use of location to represent
data wastes space, the representation of turns can use location to save space. By
contrasting the station activity charts with sequence charts (described in Section
3.3) one can see that by locating flights that turn to one another in adjacent
locations, the wastful times needed to indicate turns are eliminated.
Special symbols provide another powerful method for reducing the space
required to represent certain types of information. Any data items that can take
on a small, finite number of values can be represented by a set of symbols with a
unique correspondence between symbols and data values. For example, aircraft
types meet this criterion and thus can be displayed by a unique set of symbols.
The types of constraints placed on flight operating times--fixed, bracketed, and
limit--can also be indicated with special characters.
Although not available on all CRT displays, highlighting facilities such as
variable image intensity, reverse field (black on white), blinking and multiple
colors all serve to add another dimension to the screen. This capability could be
used simply to improve readability. For example, intervening spaces needed to
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resolve the separation of data times can be eliminated by alternating the color of
the representations to indicate separation. A more sophisticated use of high-
lighting is to add information or indicate relationships. Members of a logical set
such as all stops at a given station or all services in a market can be identified
using highlights.
While screen size could be a very constraining factor, by carefully
designing displays using all available techniques, a CRT can become a viable
medium for schedule development.
4.3.2 Resolution
CRT display design is limited by another constraint that is somewhat
related to screen size. Because CRTs represent images with discrete points, or
"pixels" (picture elements), they have limited ability to accurately represent
excessively small detail. This problem calls for a number of design considerations
to meet these limitations.
The most obvious consideration is the size or scale of characters used to
represent data. This determines the space required to produce a given image and
thereby determines the screen size required. The limiting factor here is
readability. Characters must be sufficiently large to be recognizable and they
must have sufficient space between them to distinguish one character from
another.
On many CRT consoles characters are predefined to be a certain size, thus
locking in their resolution to a given number of pixels. Even without this
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limitation, precise proportional shrinking of the screen image can only be carried
so far before it becomes unreadable or confused. In fact, even if no single
character size has been specified, a minimum size should be determined and used
for all scales of the display. Readability should not be sacrificed for the sake of
compressing data into a limited space. All reductions should be in the non-
essential space between characters.
Wall charts are often photo reduced to make them more manageable.
However, this is only done to realize the savings in space resulting from the
difference in scale between the optimum size for manual drawing and the
minimum readable size.
A more important consequence of the resolution problem is its impact on
the complexity, rather than the mere quantity of data, that a display can have.
This consequence restricts the types of display that can be implemented on a
CRT. Displays that involve complex networks of crisscrossing lines or many lines
that may run close to or on top of each other are difficult to produce. In other
words, data must occupy unique locations on the screen.
If location on the screen is to be used as a means of relating information,
the meaning of a location must apply to only one data item at a time. For
instance, if one axis represents time, then the events represented on one line
parallel to this axis must not be concurrent. In fact, events must be exclusive to
the point of not overlapping for an extended period of time--a time long enough
for data describing an event to fit in the space between prior and subsequent
events.
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4.3.3 Format Generality
Since all the formats and procedures for producing displays must be
preprogrammed, displays must be designed that can be used in any possible
situation. Some displays must be formatted as they are drawn. On a manually
drawn wall chart it is not difficult for a scheduler to determine how and where
new information should be drawn as he prepares to draw it. However, a
computerized version requires significant amounts of additional memory, machine
time and user time to permit the data to be displayed according to dynamically
supplied decision rules. Therefore, the design of CRT displays must be such that a
concise set of rules can be specified in advance to format and draw all of the
necessary displays.
To fully utilize the power of a computer, new displays must be drawn
frequently. In addition, a number of different formats may be used to represent
the schedule information. When drawn manually, the formats need only be
determined once for each data item. However, in the dynamic environment of
interactive graphics the amount of information that would be needed to specify
all possible combinations and variations of displays could far exceed the data
required for the schedule itself.
If the decision rules for all possible displays were substantially different it
still might be possible to program the rules themselves rather than require the
user to enter formatting decisions. However, not only would the code be difficult
to completely specify and write, and even were it possible, the resulting program
would be excessively lengthy and slow.
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Displays must be designed that can handle all conceivable possibilities in a
parallel and deterministic manner. Scheduling must not be complicated by
artifically imposed constraints that force schedules to be designed around the
computer's deficiencies. Although this may require that slightly less informative
displays be available, the multitude of different views of the schedule that can be
produced instantly will more than make up for any losses in a single display.
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4.4 Displays Design
CRT displays for scheduling must be designed to take into account all of
the complexities of aircraft schedules, the information requirements of a sche-
duler, and both the limitations and opportunities of the computer controlled CRT.
In this chapter a collection of many different displays is presented to satisfy these
requirements. It is proposed that these all be used in combination, each display
providing a somewhat different view of the schedule that complements the others.
Three levels of display are considered (see Figure 4-1). The first level
contains one basic display with no variations or options; this display closely
resembles the sequence chart described earlier. From here we expand outward in
three directions, to the second level, by making three different types of modifi-
cations to the original format. Modifications are made to the scale and
information content, to the order and arrangement of information, and to the
third dimension of CRT displays: highlights. Finally, in the third level, combi-
nations of the three types of modification are considered, producing some of the
more powerful displays of all those considered.
4.4.1 Level One: The Basic Sequence Chart Display
All of the displays presented here are based on this one basic format.
Sequence charts were chosen because they provide by far the best available
compromise of all of the design criteria. Sequence charts represent events along
the time axis in a very clear and graphic manner, which becomes extremely
important
I
I
LEVEL ONE:
LEVEL ONE:
BASIC DISPLAY
LEVEL TWO:
MODIFICATIONS
REE
COMBINED MODIFICATIONS
FIGURE 4-1
Three Levels of Display Derivatives
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when the scheduler begins sliding and crossing flights. Equally important, is the
deterministic format of sequence charts. No matter how complex or large a
schedule gets, each sequence of flight will always be drawn the same way and on
only one line. Absence of confusing lines that connect sequences not only
eliminates the immense problems of reformatting for each unique schedule, but
also saves space on the CRT permitting maximum compression of information.
Also, as we will see, the sequence chart provides a very convenient base
from which to branch out into various supplementary displays. Having this
common base makes it possible to reuse some program modules to draw more than
one display. It also helps the scheduler grasp the meaning of each display through
its relationship to other ones. Finally, it makes the commands required to access
these displays simpler to design, understand, and use.
The primary use of the sequence display will be during the schedule
manipulation phase, to visualize the relationships between a given set of flights
in both the time and space dimensions. With this information a scheduler will be
able to make decisions concerning turns, crossovers and sliding. Obviously, the
sequences selected to be shown must be related in some logical manner to one of
these decisions.
A basic sequence display will only consist of itineraries for a single date.
Once a scheduler's view has been narrowed to this point, further choices must be
made about the time and space relationships of interest for a particular decision.
For a turn decision information will be needed on those flights that turn at a
particular station within some time period. Since only flights using the same
aircraft type can turn to one another, this information should be specified to
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eliminate irrelevant sequences. A crossover decision will require information on
all flights using any aircraft type that have stops at a particular station within a
given time period. The scheduler may choose to further limit these to flights that
also serve a specific set of other stations for which connecting service is desired.
When sliding a flight, all flights that cross with it or turn to it or from it will be
needed so that these relationships can be observed during the sliding process.
Of course, a scheduler may need to observe the potential turns and
crossovers at each station used by a particular flight, not only the existing ones.
To do this may require a display for each station for a reasonable time period
around the time the given flight uses it. By using these together, a flight can be
slid to optimize the crossovers and turns available to it, and then these
relationships can be specified.
It can be seen from this discussion that the sequence chart must contain
the itinerary, operating times, time constraints and aircraft type. The important
relationships are not influenced by flight number, therefore, this can be excluded
for most purposes. It is also evident that the time scale should be such that under
typical circumstances flights centered in the display can be shown with most or
all of the flights that turn to and from it. In rough terms this means that 12 to 24
hours is excessive, while one to three hours is insufficient. Also important is the
time scale resolution. Events occuring within a few minutes of each other should
be readily distinguished. Finally, it is important that as many sequences as
possible be displayed at once so that frequent paging of the display is not
required.
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The display designs discussed from here on will be based on an 80 columns
wide CRT with the standard ASCII character set. Additional characters will be
discussed as appropriate but will only be presented as alternatives. Highlighting
with black and white will be assumed, including blinking, reverse field and two
intensity levels. The use of color will be discussed as an optional feature for
improving displays.
To represent the required information, nine characters are needed for each
station: three for a station identifier, two for the arrival time and two for the
departure times (where only the minutes past the hour are shown) one for the time
constraint for the ground time and one for the departure time constraint. (Note
that constraining a departure automatically constrains the next arrival since block
times are predetermined). In addition to this, the time axes must be labeled with
the hours. This could take up a single line, or, if more than one time zone needs
to be shown, as many as three lines may be used. Each sequence will be labeled
along the other axis with aircraft type when more than one type is present on the
display. This label normally requires three ASCII characters, but, if special
characters are devised to represent aircraft types, only a single character
location will be necessary.
Figure 4-2a shows two ways to arrange nine characters with no intervening
spaces. In order to distinquish between separate data items, and to indicate which
data items are associated, for example, which time is the arrival at which station,
highlighting must be used. In the first example, four colors are needed as
background: one for arrival time, one for departure, one for a station and its
corresponding ground time constraint, and the fourth for the departure/arrival
time constraint. The second example separates arrival and departure times so
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that one color may be used to represent the station, times and ground time
constraint, with a second color used for the flight times constraint.
Figure 4-2b shows an alternative format. In this example the times are
separated by the ground time constraint. This constraint is shown centered over
the station, clearly indicating its association with that station. Flight time
constraints are shown centered below their corresponding times. In the first form
three colors are needed to distinguish the separation between stations since the
departure and arrival times run together. This format uses ten character
locations, while the second, expanded, format uses twelve. Some of these wasted
spaces can be used to indicate the break between separate flights. The vertical
bars shown in both examples accomplish this.
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The time scale can be varied signficantly, but only in discrete steps. Each
character position must represent an integral number of minutes. Furthermore, it
is difficult to read a bastardized scale where a unit distance (one character)
represents anything other than 0, 1, 5, 10, or 15 minutes. Fifteen is acceptable
because it is an even quarter hour. Larger blocks such as half an hour or an hour
do not provide sufficient granularity to be meaningful, nor do they provide suf-
ficient room to place the required data.
On a screen that is 80 characters wide, the four scales suggested yield the
following:
Hours: Min/
80 Char. Screen
Hours:Min/
77 Char. Screen
1:20
6:40
13:20
20:00
1:17
6:25
12:50
19:15
The last column indicates the amount of time represented on a screen where three
character locations have been used along the axis to indicate aircraft type. From
this it is clear that the most appropriate scale uses five minutes per block since
this meets our earlier criteria for scale size.
Next we will consider how the station data will be distributed along the
time axis. When drawn to scale, the data will not usually be shown at regular
Minutes/
Block
Blocks/
Hour
1
5
10
15
60
12
6
4
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intervals adjacent to one another as Figure 4-2 depicted them. Rather, the times
will be drawn in their proper location along the time axis to give a realistic
impression of the relationships between events.
Figure 4-3 shows a complete sequence chart as it would look on a screen
that is 80 characters wide and 24 lines long. This format is the central and most
important representation of a schedule that can be implemented on a CRT screen.
It provides a good compromise in terms of scale, information content, and
character arrangement. This is a general purpose display; all others described
later serve more specialized functions.
The format seen in Figure 4-3 is based on the twelve character display
shown in Figure 4-2 with a number of extensions. First of all, two time axis are
provided along the top of the screen so that two time zones can be represented at
once. Along the vertical axis are sequence numbers and aircraft types for each
sequence shown. The rest of the screen contains flight itineraries, arrival and
departure times, time constraints and a number of special characters that relate
information about the schedule.
Examples in Figure 4-3 show that, normally, arrivals and departures are
indicated by a bracket in the column corresponding to time of these events. A
two digit number representing the minutes portion of the time is placed above the
bracket. Between a departure, or open-bracket, and an arrival, or close-bracket,
are a string of equal signs and the operating time constraint for that arrival-
departure pair.
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When a flight terminates or originates a verticai bar is used in place of the
bracket indicating the separation between flights. If, however, a flight ter-
minates, but doesn't turn to another flight, a slash "I" is used to mark the arrival.
Originations that don't turn from earlier flights are indicated with a back-slash.
Ground times greater than 20 minutes and flight times greater than 15
minutes can always be represented with all of these symbols present and each
time aligned with its first digit in the block corresponding to its value. However,
when operating times are shorter than these limits, the arrival and departure
symbols can be dropped to allow events to occur closer together. The stop at
station "D" in sequence 001 is only 11 minutes long. Stops as short as 6 minutes
can be shown by eliminating both the arrival and departure symbols.
Since the format was designed to make individual data items distinquish-
able without the use of highlight or color, these facilities are still available for
making the screen easier to read. Only background color will be used here so that
foreground color (the color of the characters themselves) can be reserved for the
highlighting function which will allow additional information to be overlayed on
the display. Figure 4-4 shows how three background colors can be used to
separate the axes from the rest of the display and to separate each individual
sequence from the adjacent ones. This pattern of stripes makes it much easier to
read the display by associating related data items.
Table 4-1 lists all of the non alphanumeric characters used in the display,
along with suggested aleternatives that could be used if special characters could
be defined. These alternative characters more clearly or compactly represent
their meaning and can not be confused with other meanings of the ASCII
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FIGURE 4-4
Use of Back round Color in Sequence Display
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characters used earlier. Neither color nor special characters are essential to this
display; however, their use greatly improves its readibility.
4.4.2 Level Two: Modified Displays
4.4.2.1 Scale Modifications
As shown in the preceding section, three additional scales can be used with
the same format: one larger, where one block represents one minute, the other
two smaller, where one block represents either 10 or 15 minutes. The larger scale
is of limited value in its basic form; however, in combination with rearrangement
and highlighting modifications it produces a valuable display. The two smaller
scales permit larger portions of sequences to be shown on one screen and are,
therefore, quite useful. These smaller scales do increase the difficulty of showing
data in its proper location along the time axis; consequently, special techniques
must be developed to represent these scales. Beyond the mere compression of the
basic format, a series of additional formats that remove some of the data from
each flight can provide valuable saummarizations of the complete sequence
display.
The larger scale permits the addition of flight numbers to the information
already contained in the display. Although this is not particularly important to
the schedule manipulation phase, we will see how, when rearranged and high-
lighted, it provides important information for the evaluation phase.
In the larger scale the positions of the station name and ground time
constraint are reversed. The flight number is added to the second row at each
-101-
station and both the arriving and departing flight numbers are shown at a station
where a turn occurs. This format is shown in Figure 4-5. Dashes are added to the
ground portion to help indicate its length in a way similar to the equal signs used
in the flight portion. As shown the minimum ground time that can be represented
is eight minutes between flights or six minutes for a stop, when flight numbers of
the maximum length of four characters are used. It is very unlikely that these
minima will ever be reached.
The smaller scales introduce very restrictive limits on the minimum
duration of flight and ground times. Figure 4-6 shows flights compressed as far as
possible without altering the format. As the scale becomes smaller, the rule that
all times must be shown with their first digit in the proper column must be
enforced, even for the most compressed case. Figures 4-6a and 4-6b show that
minimum ground and air time for the 10-minute-per-block scale range from 21
minutes to 30 minutes, while Figures 4-6c and 4-6d show these times to be 31 to
45 minutes for the 15-minute-per-block scale.
Minimum times are dependent on the precise value of the times involved in
relation to the definition of the "no change" boundaries. For example, if one
operating time occurs at the end of a block (9, 19, 29 minutes... or 14, 29, 44...)
then the next time, which can be as close as two blocks later, can be at the
beginning of a block (0, 10, 20... or 15, 30, 45...) 30, 40, 50...or 45,00,15,
respectively, thereby representing the minimum times of 21 or 31 minutes.
However, if the first time happened to be elsewhere in the block, then the
minimum time that could be shown could be as high as 30 or 45 minutes. Notice
that two minimum times can not be found adjacent to one another.
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EST 10:00 11:00 12:00
a) 00*30 00*30
]AAA=*BBB=*]
EST 10:00 11:00 12:00
b) 09*30 09*30
]AAA=*]BBB=*]
EST 10 11 12 13
c) 00*45 30*15
]AAA=* ]BBB=* ]
EST 10 11 12 13
14*45 44*15
]AAA=*]BBB=*]
FIGURE 4-6
Compressed Display Scales
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Frequently 30 or 45 minutes may not be sufficiently small for some
schedule times, particularly for ground times. Another technqiue is useful to
allow somewhat shorter times to be displayed without altering the basic format.
We can relax the requirement that each time be shown with its first digit in the
column corresponding to the time it represents. What is absolutely essential is
that at least the first digit be in one of the columns corresponding to the proper
hour. As long as this condition is met, no ambiguities can exist -- all times can be
interpreted even though they may not be shown in their proper locations.
Figure 4-7a shows a typical flight represented in the 15/1 scale. The
minimum times that can be shown are much more difficult to specify in this case.
In the example shown, the flight begins at 10:00. The ground time could have
been as short as one minute because the departure time can be shown aligned with
the same hour as the departure. A 20 minute ground time is shown, followed by a
one hour and ten minute flight. This flight could have arrived as early as 11:00
because the arrival time is shown within the eleven o'clock columns.
Figure 4-7b shows a portion of a sequence in the 10/1 scale. Because the
hour changes every six blocks while the flight times can be drawn every third
block, we see that the third time of a series always starts in the same position in
the hour as the first time. Therefore, the period of this scale is two operations,
one flight time and one ground time. It is also the case that one period, being six
blocks, spans exactly one hour. Consequently, if any adjacent pair of flight and
ground times sum to one hour or more, they will completely justify the space
allocated to them. As long as every adjacent pair of operations together take one
hour or more this display scale can be produced.
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10 11 12 13 1 4
a) 00*20 30*01 00*
AAA=*]BBB[ ^ICCC
10:00 11:00 12:00 13:00
b) 00*20 00*15 00
]AAA=*]IBBB=*]CCC
10:00 11:00 12:00 13:00
c) 58*59 00*01 00*
IAAA=*]BBB=*ICCC
10 11 12 13 14
00*30 30*00 00*
d) IAAA=*]BBB=*]CCC
FIGURE 4-7
Altered Format Compressed Display Scales
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A single pair of times need not always be one hour long. For example,
Figure 4-7c shows an extreme example of one minute flight and ground times.
This is possible because the times happened to fall within two hours and so the
first two could be at the end of one hour while the third and fourth are at the
beginning of the next hour. Notice, though, that because these times are so close
to the hour, the preceding and following pair of operating times cannot be
compressed to this extent. It is the value of the times involved and their location
in the hour that determines how much they can be compressed past the nominal
limit of one hour. One hour is adequate for the vast majority of operations, since
ground times under 20 minutes and flight times under 40 minutes are rarely
encountered.
Figure 4-7d shows a portion of a sequence in the 15/1 scale. In this case
the period at which hours and flight times repeat is three hours. Each three hour
period contains four operating times, two ground times, and two flight times.
Again, depending on the values of the times involved, one period could span as
little as two hours and one minute. Although it is more difficult to specify what
combinations of times can always be shown, it can be guaranteed that schedules
containing no ground times less than 30 minutes and no flight times less than 60
minutes can be displayed. Many shorter times can probably be displayed,
depending on when the operations occur.
Even though most of a display in one of these compressed scales can be
drawn, a few stops may not fit within the limitations described. If this occurs,
rather than not using the display at all, it can be abbreviated further to
accomodate these special circumstances. If one time cannot be shown under the
proper hour, this time will be removed from the display entirely. This will allow
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the adjacent station identifier and its times to be moved closer to the abbreviate
station. To indicate this loss of information explicitly, a single question mark or
special symbol, will be placed above the station identifier where the time would
have been.
To simplify all of these scales it may be desirable to eliminate the full
itinerary and its times, and replace all stops but the origination and termination
with just the flight nimber, as shown in Figure 4-8. This representation is still
useful for turning flights, since the intermediate stops have no effect on turn
decisions. If it is necessary in the smaller scales to compress the stations further
than the flight number (which could be up to four characters wide) allows, then
the flight number will be skipped.
Any of these scales could be used with a combination of flights represented
in both formats. For instance, one flight might be shown with its full itinerary so
that it can be slid, while other flights that it might turn to are shown with
origination, flight number and termination only.
No smaller scale could accurately represent time information. However, a
number of increasingly compacted displays are very useful for getting a broad
overview of the current status of the schedule. From these a scheduler can find
those portions of the schedule that need more work and then blow them up to a
larger scale. To create these displays some information is removed or sum-
marized in more aggregate forms so it can fit in the limited space.
The first compressed display not showing time is depicted in Figure 4-9.
Sequences are shown arranged by aircraft type with those flights not assigned to
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sequences shown as a pool of flights following the sequences for each aircraft
type. Each sequence is labeled with a sequence number, aircraft type, daily
utilization, and average stage length; then, a series of alternating stations (which
represent the originations and terminations of flights) and flight numbers are
shown. Normally, a station that is the termination of one flight and the
origination of the next flight, to which the first one turns, is only shown once.
However, when two adjacent flights do not turn to one another, the origination
and termination stations are both shown and a slash is used to separate them.
In this display only a single day's flights are shown. A flight belongs to a
given day if the departure time in the time zone from which it departs is between
midnight (0 hours) and midnight (24:00) on the given day. Daily utilization is
based on this same set of flights, even though the elapsed time from the first
departure to the last arrival may be well over 24 hours. This definition is useful
because it associates a unique set of flights with each day without specifying a
reference time zone.
Although sequences are normally shown with stations and flights in the
proper chronological order, two exceptions are made. First, sequences that
require more than a full line on the screen are simply continued on the next line,
rather than on a second page. Second, those flights which do not belong to any
sequence are grouped together into a pool of flights that are displayed in order of
increasing flight number, with as many to a line as will fit.
To further compress the display, each sequence is shown with the same
label, but now only the flight numbers are shown, without any station identifiers.
This allows the screen to be split vertically in half, thereby doubling the number
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of sequences and lines of pool flights that can be displayed. Figure 4-10 is an
example of a portion of such a display. Slashes are still used here to represent
discontinuities in a sequence.
This display can be compressed one more time before its content is
dramatically altered. Figure 4-11 shows the screen split into three columns.
Utilization and stage length have been removed and the aircraft type is only
shown once to label a whole set of sequences. Slashes are used to show
discontinuities and sequences exceeding one line are again continued on the next
line. In both this display and the previous one described, a single aircraft type
will be continued in the next column before starting a new screen.
While these last three displays provide a valuable overview and index to
one day's schedule, summaries extending over a week or the whole schedule period
are also essential so that the scheduler can identify those days that require
further work. Two such displays will be described here. Both of them are merely
inventories of flights including only such summary statistics as number of flights
or discontinuities per day, daily utilization, and aircraft requirements.
Figure 4-12 shows a sequence inventory. Each line contains one week of a
sequence labeled with its sequence number, aircraft type, and weekly average
utilization. Under the column for each day of the week is the daily utilization and
a count of the number of terminations occuring in that sequence on that day that
are not explicitly turned to subsequent flights. More than one week of a schedule
period may be shown by continuing the sequence on subsequent lines.
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For each aircraft type one line is provided to total the data in each column
and one line is provided for the pool of unsequenced flights. The total line
contains the average utilization for all flights using the given aircraft type that
have been sequenced. Next, it has the average daily utilization and the total
number of sequence discontinuities for each day of the week. The line for pool
flights is constructed somewhat differently, containing the number of individual
flights in the pool for each day and the count of the minimum number of aircraft
that would be needed on each day to fly all of the flights, both in sequences and in
the pool, if they were sequenced in the most efficient configuration (FIFO at each
station).
The final display is just a summary of data for each aircraft type for the
entire schedule period. One line contains: an aircraft type identifier, the
minimum aircraft requirement, the number of sequences defined, the number of
flights contained in sequences, the number of continuous pieces of sequences, the
number of pool flights, the average utilization of the defined sequences, and the
average stage length of all flights. Figure 4-13 is an example of this display.
This whole set of displays can be used to evaluate the schedule, identify
weak or invalid portions, and then select the sequences and flights involved in a
given problem. These flights can then be shown in one of the larger scale displays
and manipulated appropriately.
4.4.2.2 Rearrangement
By simply taking the data as it is presented in the basic format and
rearranging it into nonsequential patterns, more information appropriate to a
single decision can be gathered into one location. These rearrangements take
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individual stops, segments and flights, sometimes even from different days, and
collects them. Each display will center around a single station, market, or flight
and will show all related stops, segments, turns, or crossovers.
Turns can be viewed in two different ways. We can look at all flights that
turn to a given flight on all of this flight's days of application; or, we can choose
some period of time at a station and look at all flights that originate or terminate
at that time and place. It is clear that the first case requires a rearrangement of
parts of sequences from a number of days. The second view may also be
rearranged to more conveniently represent the turns available.
An example of the first turn-display is shown in Figure 4-14a. The flight
shown at the top is the one chosen as the focus of this display. The time axis is
broken in the middle of this flight to compress it into a shorter space. Below this
are pairs of flights with which the given flight turns on various dates. Only the
flight numbers of these flights are shown, rather than the full itinerary. When
both turns of the given flight are with the same two flights on a number of days,
the flights are shown only once. Such multiple turns are labeled with the
beginning and ending dates and the days of the week for which that turn has been
specified. Each different pair of turns is shown in chronological order of the first
day of application on which those turns are made. Finally, a list of days of the
week for each week of the period on which the given flight is applicable, but has
not been turned, is given. This points out the need for additional turns on these
dates.
Figure 4-14b is a simple sequence chart with a set of sequences that have
either an origination or termination between 8:00 and 10:00 at station A. In this
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display it is possible to see all turns occuring within this period as well as flights
that could turn during this time. Figure 4-14c, however, shows these same flights
rearranged so that the minimum number of aircraft are used. The earliest
termination is shown followed by the earliest origination that departs late enough
to meet the specified interflight ground time constraint. All flights are shown in
this manner unless no flights are available to turn either to or from it, in which
case the flight is shown on a line by itself.
Flight numbers are added to this display to allow the turns that have
actually been defined to be traced, if necessary. All flights terminating at the
station are labeled with their flight numbers along the left side and, similarly,
originating flights are labeled on the right. At the turn station, the station
identifier is not shown; instead, the flight number for the flight that the
terminating flight turns to is placed on top of the flight that the originating flight
turns from.
In a slightly modified form, these two displays are also useful for making
crossover decisions (see Section 2.1.3). Instead of displaying only those flights
that turn at a particular station during a period of time, all flights that stop or
turn are shown. As seen in Figures 4-15a and 4-15b, the full itineraries are shown
in both of these displays. The large number of flights that will be included in this
display can be limited by specifying that only those flights that also serve some
set of stations, for which the scheduler wants to provide connecting service, be
shown (see below, Section 4.5.1). Similarly, a multiple date display can be
produced showing all flights with which a given flight crosses on all of its days of
application.
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These four displays are very valuable to the scheduler. They allow the
identification of turn and crossover opportunities and observation of the potential
impact of sliding a flight on these relationships at any stations or on other flights
that are involved.
As was demonstrated earlier, it is important to see the activity at each
station during the evaluation phase To do this it is useful to extract just the stops
at a station and display them in a nonsequential format. This produces a Ramp
Chart; however, a number of problems are encountered with this display. As seen
in Figure 4-16 the flight number is used to label each stop and both the flight
numbers of the terminating and originating flights are used to label an interflight
turn. Therefore, stops may have to be as long as 25 minutes and turns as long as
50 minutes to be displayed with the flight number. The second problem involves
the spacing between adjacent stops on a line. In this display each line can be
interpreted as a physical gate at the station, and the separation between stops as
the time required to roll one aircraft out and the next one in. So when this
display is drawn some minimum "intraflight" time must be specified. This
minimum time must be greater than 10 minutes if all stops are to be shown with
at least one space between them. Both of these time constraints may be
bothersome which will lead, later, to the suggestion of a larger scale for this
display.
The final problem with this display involves the representation of discon-
tinuous sequences. If a flight arrives at a station and never turns to another flight
it will occupy a gate, and therfore, a line on the screen. To avoid this problem,
all unturned flights will be coupled on a FIFO basis, with at least the minimum
specified interflight time between them. These coupled flights will be shown with
both flight numbers, separated by a slash to indicate the fact
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that they do not turn to one another. Of course, the minimum interflight time
that can be displayed if the flight numbers are both four characters is again 50
minutes.
4.4.2.3 Highlight
In most of the displays described so far, the use of background color or
reverse video would aid in distinguishing between adjacent data fields of similar
content and improve readability. Highlighting techniques, such as changing the
color or intensity, or flashing a character has a value beyond a mere improvement
in readability. Highlighting can be used to locate similar data items scattered
around the screen or to single out one, or a group of data items for some kind of
special consideration.
When using a multiple color CRT it is best to divide the available colors in
to two groups, one for backgrounds, the other for foregrounds. Background colors
should be selected so that each is easily distinguishable from the others and should
be a pale or "low temperature" color. Foreground colors should be bold, "high
temperature" colors that stand out and can easily be distinguished from one
another against any of the backgrounds.* The meanings assigned to foreground
and background colors are completely independent of each other which avoids any
conflicts or compromises due to the colors involved.
When assigning a meaning to colors, care must be taken to assure that the
data items that will assume particular colors are mutually exclusive sets. For
example, assigning one color to flight 101 and another to all flights that connect
to 102 is not allowable because flight 101 could conceivably be a member of both
*On the ISC Intecolor CRT, green, yellow, white and cyan make good backgrounds
for foregrounds of black, purple, red and blue.
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sets. Two colors are easily used in a binary mode, where one color represents all
items that meet some condition and the other color represents those that don't.
For more than two colors to be used, all data items must be separated into more
than two mutually exclusive groups, which is not often possible, although some
examples will be discussed.
If more than one type of highlighting technique is available, overlapping
sets can be defined and highlighted. The meanings of a color and high intensity,
for example, can be assigned to sets that are not mutually exclusive since a single
character can obviously have both highlights at once.
Highlights will be used for four types of data items in the basic sequence
display. These are: stops, segments, times and time constraints. Whole flights
will not be highlighted, since the flights selected for a particular display have
already been chosen for their membership in some set. Furthermore, it is usually
some characteristic of the other four data items that makes a flight unique,
therefore, highlighting will be used to single out these characteristics.
Many aspects of a schedule are centered around a station, therefore, it is
especially valuable to be able to pick out particular stations from a display so that
attention may be focused on them. A scheduler may wish to focus on any of three
activities occuring at a station. These are: utilization of station facilities,
crossover activity, and flight turning. Multiple color highlights can be used for
different stops as long as each color is used for only one station.
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To observe the pattern of market service, highlights can be used on those
segments serving a given market. Many of these segments will not actually stop
at either of the stations in the market, but nevertheless carry passengers on
through or connecting service in the markets. Because of this, only one market
can be highlighted with color at a time, otherwise more than one color may be
assigned to the same segment.
Highlighting of times and time constraints will be used to indicate a
variety of relationships between different events. The most important uses of
time highlights is to indicate which times, of which events, are responsible for
making a particular slide operation illegal.
Each of these four items that could be highlighted occupy a different
location on the screen, therefore, highlighting of each can be done independently
and more than one can be highlighted simultaneously. Stops are highlighted by
highlighting the station identifier characters and the spacing characters (dashes).
Segments are identified by the bracket characters and intervening spacing
characters (equal signs). Times, of course, are identified by the two digits
representing minutes and time constraints by the constraint symbol.
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4.4.3 Level Three: Combined Modifications
The three types of modification can be applied together to produce an
entirely different set of displays. Although some of these retain the formats of
earlier modified displays, it is not the combination of displays but rather the
combined use of the modification techniques that is presented here. Combina-
tions of highlighting and scale modifications will be discussed first, followed by
combined highlighting and rearrangement and then scale and rearrangement
combinations. Finally, highlights will be applied to this latter combination to
produce displays modified along all three axes.
Highlights can be applied to the 10 minute/block or 15 minute/block scales
in exactly the same way in which they were applied to the basic format.
However, the smaller scale summarizations are highlighted somewhat differently.
In these compressed displays many of the data items that were highlighted earlier
are not present. Thus highlights can not be applied to specific data items, rather
they will be used to identify those elements of the schedule present in the display
that contain the characteristics or events that were highlighted before.
So, for example, if a particular market is to be highlighted in a display that
only contains flight numbers, each flight that serves that market will be
highlighted. Or, in the display of daily utilization by sequence, each sequence
that has some characteristic on a particular day will be shown with the utilization
figure on that day highlighted. By extending highlighting in this way the scheduler
can identify those flights and sequences with certain characteristics so that they
can be isolated and displayed in a larger scale or manipulated in some way. The
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addition of highlights to these small scale displays make them very powerful
indexes to the schedule data base.
Similarly, highlights can be applied to the rearranged displays to identify
the same information that was highlighted in the basic format. In the crossover
displays it is particularly important to identify specific markets, and in both the
crossover and turn displays, time and time constraint highlights will significantly
aid the process of sliding a flight. In fact, this highlight is so important that it
will be produced automatically when sliding a flight produces a conflict. Since
flashing is probably the most visible of the various highlighting techniques it will
be used to identify those times and time constraints that have reached their limits
during a slide.
When a flight is being slid, turned or crossed over, this flight or any of its
pieces should be identified in all of the displays in which it exists, so that all
relationships involving it can be observed. As soon as one of these operations is
begun for a given flight, it will automatically be highlighted in every display that
it is part of. One highlight technique such as intensity or a single color should be
reserved for this purpose.
If blinking is reserved for conflict notification and intensity for active
working flight identification, only color or reverse field will remain for user
defined highlights. This will still allow non overlapping sets of data to be
highlighted one at a time. By not leaving the decision of which highlight should be
used for which purpose to the user, the task of defining a highlight will be
simplified; he only need specify what is to be highlighted, not how. The meaning
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of a given highlight will be immediately apparent to anyone familiar with the
program through this standardization.
One use of highlighting in combination with rearranged displays is quite
unique. The station activity display can not be highlighted to show markets nor
more than one station; however, information on the activity at the given station
can be augmented significantly by the use of highlighting. The basic display shows
the use of the station's gates; it does not necessarily indicate the number of
aircraft on the ground at any given time. To do this, reverse field or a
background color will be used as an overlay to provide a profile of the number of
aircraft on the ground throughout the period shown in the display.
Figure 4-17 shows a portion of such a display with a jagged line to indicate
the portion of the display that would be highlighted. This region extends out from
the time axis the distance corresponding to one gate for each aircraft on the
ground during the period represented by one block width. Thus when an aircraft
departs, the line moves up toward the time axis one unit or moves out when a
flight arrives. If an arrival and a departure occur at identical times the line
doesn't change. However, if an arrival and departure both occur within the same
time block (5 minutes) but one or more minutes apart, the line is placed so as to
represent the minimum number of aircraft on the ground during that block of
time. In this way opportunities for using under utilized aircraft or reducing the
number of aircraft required by sliding two flights can be found.
Each of the rearranged displays can be produced in modified scales that
allow more information to be presented on one screen. This involves smaller
scales for the two turn, two crossover and station displays as well as a larger
-132-
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scale for the station display. In addition, two summarized service displays that
could not be produced at all in the larger scale can be created when both
rearrangement and scale modification techniques are applied simultaneously.
Both the 10/1 and 15/1 scales can be used readily in the two turn and two
crossover displays without any modifications. The essence of these displays is the
relationships in time between flights and thus the compacted summaries that
exclude time are of little value with these rearrangements. However, in each of
the rearrangements only some of the flight times are important. To compress the
turn and crossover displays requires only that those times related to the cross-
over station or to the turn station be retained.
Figure 4-18 shows an example of a station-time display for turns at station
A between 10:00 and 12:00. Each line starts out with a sequence number, an
organization station, a flight number, the full time of its termination at station
AAA, and the flight number of the next flight in the sequence. The earliest
arrival is placed on the first line, the next arrival is placed on the next line, etc.
Following each termination time is the origination time of the earliest flight that
leaves late enough to turn to the previous flight preceded by the flight number of
the actual previous flight in this sequence. Flight numbers, termination stations
and sequence numbers for the originating flight follow on each line.
Those flights which are not part of any sequence are said to be members of
a "flight pool." These flights are shown in their proper chronological sequence
with the other flights, but are marked with a "P" instead of a sequence number
and are not shown with flight numbers with which they turn. Flights that do turn
to one another can be found either by matching sequence numbers or by using the
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flight number of the flight to which it turns. To indicate whether a flight actually
turns to the next flight in the sequence, or whether it does not because the two
flights terminate and originate at different stations, the vertical bar or slash is
placed between the time and the next flight entries for each flight.
Figure 4-19 shows a similar format used to show all of the turns made with
a given flight on each of its days of application. Since all existing turns are
shown, the flight numbers of the flights with which each flight turns are not
shown. In their place are the days on which a given pair of turns are applicable.
Figure 4-20 is an example of a display to show all stops at station A
between 10:00 and 12:00. This provides the scheduler with the opportunity to
observe all potential crossovers in a compacted form. Each line contains one
flight with its stop at station AAA represented by the flight number which is
centered on the line. When the stop is also a turn, both flight numbers are shown.
On either side of the line center are the arrival and departure times at the
station. On either side of these times are the complete upline and downline
itineraries of the flight followed and preceded by the flight numbers to which this
flight turns. At the beginning of each line is the sequence number (or a "P" for
pool flights) corresponding to the flight. The flights are arranged from top to
bottom in chronological order according to their arrival time at station A.
In Figure 4-21 a similar display is shown for all crossovers to a given flight.
The connections to this flight are shown for each of the stations in its itinerary in
separate groups, separated by a blank line, with the group for the first stop of the
flight shown first. Each group of crossovers is broken down further into groups of
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flights which crossover on the same set of days. These groups are separated by a
line containing the application dates for which the crossovers are valid.
In addition to the information in the previous display, this one contains
symbols to indicate whether a flight is crossed to the given flight or whether it is
crossed from it. A plus sign before the flight number indicates that passengers
can crossover from that flight to the given flight, a minus sign indicates that they
can't. Similarly, a plus a sign after the flight number indicates that the flight can
receive traffic.
Two scale modifications can be made to the station rearrangement display.
The first simply expands the scale to the largest one available: I minute/block.
This scale avoids the constraints on minimum ground time and minimum gate
separation time that were so restrictive in the smaller scale. In this larger scale
ground times can be as short as 6 minutes, interflight times as short as 11 minutes
and gate separation need only be one minute. This scale only permits one hour
and twenty minutes to be viewed at one time; however, many gate congestion
problems occur in this time frame.
The other way to display station activity uses a highly compressed format,
shown in Figure 4-22. Here, each operation is listed in chronological order with a
flight number, aircraft type, arrival or departure time, and an "A" or "D" to
indicate whether it is an arrival or departure. If all aircraft types are included,
this display shows the density of operations at any time during the day; or, if only
one aircraft type is used, then it indicates how efficiently this aircraft type is
being turned.
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Placed to the right of each entry is a count of the number of gates
occupied by a particular aircraft type following the operation described on that
line. This count will be relative to the minimum count of the day. In other words,
the lowest number of aircraft on the ground will never be less than zero.
The final scale and rearrangement modifications will be made to produce
two displays for observing the service pattern in a given market. A familiar OAG
format will be used to represent the service in each market for a single day. An
index will also be available to indicate which days during the period have identical
services and how many of each type of service is offered on those days.
An example of the OAG format is shown in Figure 4-23. In addition to the
departure and arrival times, aircraft type, two letter airline identifier, flight
number and number of stops, two other values are included with each service
entry to aid the scheduler. The first is the service's circuity, defined as the great
circle distance between the two stations divided by the actual distance flown.
The second number is the time efficiency, defined as the minimum time that an
average jet aircraft would take to make a direct trip, divided by the actual
duration of the service offered. These two numbers allow the scheduler to
evaluate the quality of the services offered.
These offerings are arranged in chronological order by departure time.
Connecting services are listed somewhat differently with both flight numbers and
airline identifications and the connecting point between them, and without the
aircraft type or number of stops.
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Finally, we can highlight each of these new modified scale and rearranged
displays. Highlighting of these displays will be done in a parallel manner to the
way it was done for the other displays. Those elements present in a given display
can be highlighted, and when not present, the flight numbers that take their place
will be highlighted instead to indicate which flights contain these elements.
4.5 Interactive Commands and Working Panels
A set of displays has been described that will be generated to present
portions of the existing schedule. Still needed are methods for producing the data
in the schedule, manipulating it, and specifying the nature and content of these
reference displays. A complete command language for executing these tasks is
presented here.
In keeping with the philosophy of interactive graphics design, the com-
mands to work with the schedule will not be simply typed into the computer.
Instead, special display panels will be provided for each command that prompt the
user for required and optional data. These displays, which will be known as
"working panels", are the only means the user will have to input information into
the computer. But, they will not merely prompt the user and accept input, they
will also respond to invalid entries with a signal or message that suggests remedial
action.
Six commands, their accompanying working panels, and subcommands,
provide the scheduler with complete control of the interactive graphics schedule
development process. Each of these commands accept many data items and
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arguments and some perform a number of related tasks. These commands are
described individually below.
4.5.1 Access Sieve
For a number of reasons a scheduler may need to find or refer to a number
of flights or other schedule elements. As demonstrated later, selecting and
highlighting displays and deleting flights and crossovers requires the use of a sieve
to sift through the schedule and extract those elements that meet a set of
conditions specified in the sieve. The data items that will be tested for include:
aircraft types, airlines, flight numbers, markets, stations, turns, cross-overs, and
the times of various events. A simple and very abbreviated set of symbols and
syntax are presented to specify any conceivable combination of tests to sift
through data.
Table 4-2a contains a list of the five data items that can be used in the
specification of a sieve. When a sequence number is used, it must be prefaced
with a vertical bar to distinguish it from a flight number. The remaining four
data items can be recognized by their identifiers through a few simple decision
rules. Airline identifications must be a two letter code. Aircraft type must be
represented by a three character alphanumeric code that does not use the same
sequence of letters used by any station identifier. A station identifier is a three
character alphabetic code. When a three letter code is encountered it is assumed
to be a station unless it can't be found, in which case the aircraft type list is
searched. Finally, a flight number can be from one to four alphanumeric
characters as long as it doesn't repeat any of the codes for other data items.
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Data item
Airline
Aircraft type
StationFlight
Sequence
I, Rules 1 Example
I…I
2 - alphabetic I AA
[ 3 - alphanumeric I DC9
, 3 - alphabetic | AAA
1-4 - alphanumeric 101B
"" - 1-3 numeric 1,100
TABLE 4-2 a
Command Language Symbols and Syntax
a)l
I
I
I
I
I
III
I
I
I
I
I
II
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These identifiers can be combined with the relational symbols, listed in
Table 4-2b, to produce more specific sieves. Only stations and flights can be
qualified in this way. Aside from these, some of the operators require some
additional information as their arguments. The greater than, less than and equal
to signs are followed by either a number of abbreviations for the days of the
week; a date in which the month and day are separated by a semicolon; or a time,
in which the hours and minutes are separated by a colon. As described below,
these are used in combination with other specifications to qualify the dates and
times of interest.
These three time and date qualifiers, when used alone, are assumed to
refer to all flights that originate on, before, or after the specific date or time
given. Often, these qualifiers will be used with others that qualify which events
will be tested to see if they meet the time and data specifications. Any of the six
event symbols for cross-overs, turns, termination, origination, arrival and depart-
ure can be followed immediately by a time and/or date specification. This usage
indicates which event is being tested by the time specification.
In addition, combinations of symbols will be used to specify another event
relationship. Either origination and termination symbols or arrival and departure
symbols, placed together, will refer to the relative duration between these two
events, rather than the absolute time of them. So for instance the combined
symbol, (), could be used to refer to segments of a given duration. The time
qualifier following this pair of symbols is assumed to be a duration rather than an
absolute time.
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b) symbol t Description , Arguments I Example
I I~~~--~~----- ~---I I
* I All services I Flight # or 1 AAA*BBB or *101
Pair of stations
- I Non stop service I Pair of stations I AAA-BBB or -101
I Pair of stations
+ Through service I Flight # or AAA+BBB or +101
I Pair of stations
/ I Connecting service I Flight # or AAA/BBB or /101
Pair of stations
Turn I Station or Flight: @AAA or @101
# I Crossover O " " #AAA or #101
I I  Termination n AAA or ]101
] [ I Origination I [AAA or [101
) I Arrival ' " " )AAA or )101
( Departure ' " " (AAA or (101
> I After or At ' 1 >AAA or >101
< 1 Before or -At ' " <AAA or <101
At 1 rr n , =AAA or =101
TABLE 4-2 b
Command Language Symbols and Syntax
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All of the qualifiers that have been discussed so far can be combined into
larger strings of qualifiers that single out even more specific parts of the
schedule. Four symbols that will be used to aid this process are shown in Table 4-
2c. These logical operation symbols can be used to combine qualifiers into logical
statements.
Any qualifier preceded by the "not" symbol ( ) will be used to exclude the
elements identified by the qualifier rather than include them. Qualifiers can be
connected by either the "and" (&) or the "or"(,) symbols to form more complex
sieves. Schedule elements must meet all of the requirements of qualifiers
connected by "and", while they only need to meet one of those connected by "or".
The "group delimiter" (') can be used to combine a number of connected qualifiers
together by placing one at each end of the group. These groups can then be used
as independent qualifiers which themselves can be connected by logical opera-
tions. Note that even though apostrophes don't themselves distinguish between
the beginning and end of a group, this can always be infered. An apostrophe
preceding an operator or the end of the line closes a group and one following an
operator or the beginning of the line opens a group.
A few examples will clarify the meanings of the notations described so far.
a.
notation:
=1 2; 18'AA, TW,BN' &'DC9 ,747' &' #AAA
>10:<11:30' $'XXX/YYY(>7:20<9:00)
>12:05<13:50
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c) Symbol ' Meaning
, , Logical 'or'& Logical 'and'
: Logical 'not' 
, Group delimiter
TABLE 4-2c
Command Language Symbols and Syntax
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meaning: All flights on either American, TWA or Braniff using DC9 or 747
aircraft, that cross over at station AAA between 10:00 and 11:30 on December
first, and also serve the market from station XXX to YYY with connecting
service and with a departure between 7:20 and 9:00 and an arrival between 12:05
and 13:50.
b.
notation:
'>1 2; 1 < 1 27 t & AA&DC' , TTW &747
''&' .A, EBBB' &^' XXX*YYY YY*XXX'&
^'CCC*DD( )>1 :20,DDD*CCC( )>1 :30'
meaning: All flights on Monday, Wednesday and Friday between December
first and seventh inclusive, that are either American DC9s or TWA 747's and that
turn at AAA or BBB, and that doesn't serve CCC to DDD with a flight time longer
than 1:20, or DDD to CCC with a flight time longer than 1:30.
Sieves are created, viewed, manipulated and deleted by using the "access
sieve" command. When this command is entered the working panel shown in
Figure 4-24 will be produced. Contained in this panel is a list of previously
defined sieves, each preceded by a five character name, used to refer to it in this
and other commands. The list occupies two separate columns and as many pages
as necessary. A sieve longer than one column wide is continued on successive
lines. When the command is first issued, the last page of sieves is shown.
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At the bottom of the screen on each page is a list of sub-commands, the
page number, and the total number of pages. The commands available are:
change page, copy sieve, access sieve and delete sieve. Change page requires that
a page number be entered that does not exceed the last page of data, unless the
last page is full, in which case it can exceed it by one. Delete sieve accepts a list
of sieve names, each of which must be defined, and then removes all of these and
closes up the gaps on the screen where these entries were. Copy sieve accepts an
existing sieve name, followed by one or more new names separated by commas,
which are created with sieves identical to the old one given.
Finally, access sieve will cause the page containing the name given to be
displayed, or the last page if the name is new, and will place the cursor on the
beginning of the first line of that sieve. Old sieves and their names can be
modified by moving the cursor, inserting new characters and deleting old ones.
New sieves are simply typed in. Carriage returns can be entered between sieve
elements to continue the entry on more than one line.
When the data for any command has been entered it is processed by the
computer. Sieve names are checked for legality and existence; sieves are checked
for syntax errors; and page numbers are confirmed. Errors are indicated with a
message on the bottom line of the screen and by flashing those portions of the
data entry that are illegal or inconsistence with each other. A special function
key or command will return the user to the command level from which another
command can be entered.
4.5.2 Display
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The "display" command allows the user to select the type, scale, content
and highlights that a display will have. Once defined, these specifications can be
assigned to a CRT for actual implementation. The specifications are saved for
repeated use including deletion or modification.
When the command is invoked, a panel is shown containing the names and
specifications of every display defined with one definition per line. At the bottom
of this panel is a list of sub commands available for manipulating displays which
are: delete display, assign display, create display, modify display, change page
and return to command level. Delete display requires one or more display names
as arguments. Assign display requires a single display name and a number that
identifies one of the CRTs available for display and, also, the number of the page
of that display that the user wants shown. Change page allows additional pages of
display definitions to be shown by entering the page number desired.
The create-display command requires a name consisting of up to five
characters. Once entered, this subcommand leads the user through a series of
decisions to completely define a single display. The user is first presented with a
menu of seven types of display format, each with a selection number so that one
cand be chosen. Table 4-3 lists these options in the first column.
Depending on the format selected, the menu is replaced with from two to
four options for the display's scale. The second column in Table 4-3 lists the
scale options in abbreviated form. The numbers refer to the number of minutes
per block, "O-T" refers to a display containing origination and termination data,
"I#" indicates that flight numbers will be shown, and "+" refers to additional
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information to be displayed such as utilization, etc. Scale options will also be
presented with numbers for the user to select.
Next, the user is presented with prompts for information regarding the
content of the display. A number of required items are entered explicitly, then
sieves are specified to further narrow the content. The third column of Table 4-3
lists these required data items. Prompts are issued for each individually so the
user can enter the appropriate response. Note that for both the turn and cross-
over displays, two alternative data entries can be made: the first can be either a
station or a flight number; the second must be a pair of times, if the first is a
station, or either an itinerary number or date of application, if the first is a flight
number.
Sieves will have slightly different effects when used with different
displays. The first three displays listed are sequence oriented rather than flight
oriented. Therefore, if a flight passes the sieve, the whole sequence is included in
the display. Two sieves are allowed for the first sequence display. One selects
those flights to be displayed with full itineraries, the other specifies those to be
shown with origination, termination and flight number. Flights that pass the
sieves for the turn and cross-over displays must also meet the requirements of
these displays before they will be shown. The last two displays, do not show
complete flights, only those portions of the flights implied by the sieve, and alsi,
only those flights that have a displayable portion.
In addition, since only the cross-over and service displays can distinquish
between airlines, only these will display more than one airline's flights together.
The others
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will arrange the flights from each airline into separate groups with the names of
the airlines separating these groups.
After valid entries for each content parameter have been received, the
computer requests a sieve to define which elements of the display are to be
highlighted. The sieves that can be used must define a single independent set of
elements in order to be highlighted without overlapping. Therefore, if a sieve
specifies multiple markets or multiple time bands for similar events (arrivals at
one station for instance) then this sieve can not be used for highlighting. Entry of
an invalid sieve will result in an error message and a prompt to try again.
When a sieve defines multiple conditions that must be met for a flight to
pass, each of these will be highlighted. For example, if a flight must contain a
departure from station "A" between 10:00 and 11:00, and be flown by a DC9, then
the aircraft identifier, the station identifier and the departure time will be
highlighted. In displays where some elements are summarized, the smallest data
item that contains the selected element will be highlighted instead. So in the
above example, a daily summary display would have the aircraft type and flight
number highlighted.
4.5.3 Access Flight
"Access Flight" is one of the most important commands available to the
scheduler using this system. It allows entry, modification and deletion of all
flight data including operating times. The manipulation of operating times is of
course the sliding function that is so essential to schedule development.
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The access flight command requires a flight number as an argument. Once
specified, a panel is produced with a list of the different itineraries including
their identification number, routing, aircraft type, and dates of application. An
itinerary can then be accessed for further development or deleted by entering its
number following the appropriate subcommand. If the command to exit the
access flight mode is issued after all itineraries have been deleted, the entire
flight is erased. A new itinerary can be added by entering the appropriate
subcommand followed by the unique number to be assigned to this itinerary.
When a new itinerary has been accessed, a panel is produced with a number
of blank or default data fields for that itinerary and each of its segments. Figure
4-25 shows this panel with arbitrary default values where they would normally be.
Default values are defined by the user in the "global parameters" command
described later.
This panel shows dashes where data will be entered by the user and the
"lower case x" (x) where the computer will supply information later. The top of
the screen has information on: flight number; application days; cycle number, if
this is a defined, and sequenced flight; and equipment type, if this has been
specified. In the center of the screen is a column for the flight's routing, or
itinerary, which will be placed with one stop on every third row. To the left of
the itinerary is space for a variety of data including segment cost, fuel on board
at each departure and arrival, as well as the amount added at each stop, segment
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distance and flight time.* These items will all be completed automatically when
the flight is entered.
To the right of the itinerary list are five columns containing times that
relate to the flight's operation. On the lines containing station identifier, the
times relate to ground time at that station. Preceding lines contain arrival times
while lines after the station lines show departure times. The third column of each
line of five columes is the actual departure, arrival or ground time. On either
side of this is the minimum and maximum value that the actual, or nominal, time
may be as specified explictly by the user. Finally, the two outside time values are
generated automatically by the computer when the minimum or maximum times
permitted without breaking connections or turns are more constraining than the
user specified times. Note that global default values are placed in the minimum
and maximum ground time locations for each station.
In addition to the constraint time values, each constraint is also repre-
sented by the symbol representing its type (pinned, bracketed, limited or
unconstrained). Constraint symbols are placed immediately under each station
identifier for the operating times constraint, and immediately to the right of the
station identifier for ground time constraints. Before any constraints are
specified the defaults are: unconstrained operating times (underscore) and
bracketed ground times (caret).
The only subcommands needed to use the itinerary access facility are:
change page, enter data, exclude services, and return to access flight command
level. All other actions that need to be taken can be controlled by moving the
*Other data might be included such as estimated traffic or revenue, but these will
not be discussed here.
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cursor to the proper location and entering data. To aid the user, cursor
movements will be restricted to those locations where data can be entered and
even further restricted to that subset of locations that can be entered given the
current state of the entry process. Thus, if one data item must be entered before
another or can't be entered if another already has been, the cursor movement will
be restricted to currently legal locations only.
When a new itinerary is being entered the cursor will begin at the aircraft
type location. An aircraft type identifier can be typed in or deleted and retyped.
A down-cursor will cause the aircraft type to be entered and validated. Once a
valid entry is received, the cursor will move to the first station identifier
location. A station identifier is entered on every third line by moving to
successive locations with the down-cursor. When a right-cursor is typed the
entire itinerary will be validated and any invalid stations will blink. Cursor
movement remains restricted to itineraries until each station entered is valid.
When a valid itinerary has been received the computer will return values for each
of the data items on the left side of the screen including the flight duration times.
Figure 4-26 shows a typical completed access flight working panel.
After a valid itinerary has been recorded, the cursor will move to the first
nominal time location, which is the departure time from the first station. The
cursor is then restricted to movement between this departure, the adjacent
arrival and the following ground time until any one of these three times has been
entered. As soon as one of these three times has been entered the cursor will
move to the first of another set of three times. If either an arrival or departure
was entered, the cursor will be restricted the same ground time (the ground time
at the second stop) and the next pair of departure and arrival times. If, instead, a
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ground time was entered first, the cursor will move to the departure, arrival and
ground times immediately following the ground time entered.
This same pattern continues with the currently accessed group of three
times beginning with a departure time until an arrival or departure is entered and
then beginning with a ground time until the last group of three. If this last group
includes the final ground time, which is the inter-flight time, the cursor will be
restricted to only the departure and arrival time from this group. This is because
it is the departure time of the flight and the origination time of the flight that
this one is eventually turned to that will determine this time.
At any point in this process the entry in the current group of three can be
deleted. If this is done the cursor can be moved, by an up-cursor key stroke, to
the previous group of three where the entry can be modified or deleted to permit
access to the previous group. When the last time is entered and a down-cursor is
keyed, the complete set of flight times is entered. The computer responds by
filling in all of the blank times that were not explicitly entered. The cursor then
moves to the first minimum time constraint.
From this point the cursor can move from a minimum to the next minimum
below it with a down-cursor, or to the maximum on the same line with a right
cursor. Up-cursor and left-cursor reverse these movements, and right-cursor in a
maximum position places the cursor at the minimum location on the next line
(vice versa for the left cursor). Any number of these constraints can be entered,
regardless of which times were initially specified. When a down cursor is typed
while the cursor is on the last line, the complete set of constraints is entered into
the computer. The program then computes and returns the least constraining
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consistent set possible. Thus if a minimum ground time is set to be thirty minutes
but the maximum arrival and minimum departure surrounding it are only twenty
minutes apart, then the ground time constraint is changed to twenty minutes. In
addition, all implicit constraints are also returned and the constraint-type symbols
are set to their proper values.
If desired, the "exclude services" command can be invoked. This produces
a panel with a list of all possible markets that could be served with this flight.
They are arranged with all markets with the same origin together and ordered
chronologically. After each market is the great circle distance, actual distance,
and the ratio of these as well as the same three numbers for trip times. To the
left of each market is the word yes, indicating that this service if offered. The
cursor can move up and down this column using the up and down-cursor. To
change one yes to a no, the right or left cursor is typed while the cursor is on a
line. This flips the indicator to its opposite and moves the cursor up for left or
down for right.
Once a valid aircraft, routing, set of times and constraints have been
entered, the flight itinerary becomes part of the schedule data base. If the return
to access-flight command is issued at any point before this, the data entered so
far will be deleted. After the flight is completely entered, it can only be deleted
by the "delete flight" command. Also at this time, the new flight is displayed on
any screen which has a sieve that allows the flight to pass.
Any further entry of data for this flight will be considered a modification
which is governed by a separate set of rules and cursor movements. If, before any
modifications are made, the flight is crossed or turned with other flights, the
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display will reflect this fact by including the more constrained set of time
constraints and the sequence number.
Once a complete itinerary is accessed the system is in "modify mode"
which allows for more cursor freedom. The cursor can now go from the aircraft
type to the first station and from there to successive stations or to the nominal
time or either explicit time constraints. Between the station and first time
constraint is a vertical bar to which the cursor can also move. This will be
explained below.
Four kinds of modification are possible. One, modifying the market
exclusions, is performed with the market exclusion command and does not involve
times at all. The other three, modifying the aircraft type, the itinerary and the
operating times, all affect operating times in one way or another. Each of these
modifications are made by moving the cursor to the proper location, typing in the
new value and then moving the cursor away from that location.
Before any of these changes that might require a change of operating times
is made, any of the vertical bars to the right of the station can be changed to
dashes. If a dash is placed next to an arrival, departure, or ground time, this
time is temporarily frozen and will not change during a modification. By setting
various combinations of dashes and vertical bars, the way in which times will
change can be altered. For example, if a string of adjacent ground times are
frozen then a flight can slide earlier or later, but can not be compressed in this
region. Freezing adjacent arrivals and departures, while permitted, is redundant
since one determines the other in combination with a fixed flight time.
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An operating time change will be accepted by the computer which will then
try to implement it. To do this, it will start at the changed time and start
pushing or pulling adjacent times as far as the most limiting constraint will
permit. If a ground time is changed, it will push or pull in both directions around
it in equal amounts. If this sliding process encounters a constraint which is
insurpassable, the process stops, the times shown become the partially slid values,
and the data items representing the responsible constraints are flashed, both on
this panel and in every display in which these constraints are present. A conflict
occurs when an absolute, fixed operating time limit is reached and all intervening
ground times are at their limits. Therefore, all of these contributing constraints
are flashed.
At this point the cursor can only move between the modified time and the
responsible constraint values, if they are internal ones. Once a constraint is
modified the slide continues until another conflict is encountered or until the slide
is successful. If instead of correcting the problem, the return to access flight
level is requested, the original times are restored and the slide is discontinued.
Modifying the aircraft type will often require substantial readjustments of
operating times since a different crusing speed will change all of the flight times.
If this is the case then a complex sliding process will begin automatically. Each
segment is expanded or compressed one at a time, beginning with the center if
there are an odd number of segments, or just to the early side of center if there
are an even number, and then moving outward one by one. Segments are expanded
or compressed equal amounts on both ends (arrival and departure), unless a
constraint prohibits this. Arrival and departure times are also changed one at a
time so that if a constraint is reached, adjacent times can be modified to permit
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the changing segment to change. It is like a series of individual slides driven by a
different time change each time.
As soon as a conflict is reached the process stops and the responsible
constraints are flashed. In addition, all of the flight times of as yet unmodifed
segments also begin to flash. The cursor will again only move between the
aircraft type and the constraint values responsible for the conflict until either a
constraint is relaxed, the slide is terminated by restoring the aircraft type to its
former value or by returning to the access flight command level.
Routing modifications are the most difficult since they may require
substantial shifts in scheduled times at other stations than the one modified
causing many turns and connections to be broken. To maintain a degree of order
in this process, routing modifications will be limited to changing one stop at a
time so that adjustments can be made in a logical manner. An existing stop can
be deleted, a stop can be changed to a different station or a gap can be placed
between two stops and then filled in with a new station.
A deletion is accomplished by moving the cursor to the station identifier
and hitting the delete key once for each letter. When the cursor is moved away
from this location the stop is eliminated and all connections to it are dropped. If
it was the first or last stop in the flight, the turn to the next flight is eliminated
by the flight remains assigned to the same sequence.
At this point, the gap created by the missing stop is closed up. Since the
block time between the two stations surrounding the one eliminated will probably
be different than the two block times and ground time previously between them,
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the operating times and ground times surrounding the gap must be slid. This is
done by attempting to slide each side of the flight equal amounts until either the
gap is closed or a constraint is reached. As before, constraints will blink and
cursor movement will permit them to be changed or the itinerary to be restored
to its original value.
Step changes are handled in a similar manner, except that the flight
operating times and constraints set for the former stop will be modified or
eliminated. If the slide required to fit the new station is successful, the new
arrival and departure times at this station are set, and the ground time is set at
the value that requires the smallest changes in other times and still meets the
global limits. Time constraints on this station are extrapolated from constraints
on adjacent stations. If any of these times are unsatisfactory, further modifica-
tions can be made.
Stops can be inserted by typing three blanks over the location in the flight
where the insertion is desired, this will cause the stop at that location to be
shifted down on the screen along with its other information. A blank line will thus
be available to type in a new stop. The sliding process then takes place to fit this
new portion of the flight in between the two stops on either side. Once again, if
time constraints do not permit this action to be taken, they must be modified
before the new stop will become valid.
Upon entering a station, the computer will check it for validity according
to other criteria. It must be a valid station, compatible with the aircraft type and
within range of the preceding and following stations. If any of these conditions
are not met, the identifier will blink until a correction is made.
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4.5.4 Sequence
The sequence command will generate the display shown in Figure 4-27.
The date must always be filled in. One of the blanks, in each of the two columns
(either for a flight number or sequence number) must be filled in. A flight
number and sequence number combination will assign the given flight from the
flight pool to the given sequence. The reverse will remove the flight from the
sequence. If two sequence numbers are specified, the entire contents of these
two sequences will be swapped. This amounts to renumbering the sequences. The
combination of two flight numbers will cause their locations to be exchanged.
The program will stay in sequence mode until the command to return to the
previous level of the command structure is received. Any incomplete entries will
be deleted if this is done. Also, if a flight cannot fit into a sequence because its
aircraft type operating times are incompatible, then the invalid entries will blink.
If left unmodified when exiting this command, the invalid entries will be deleted.
4.5.5 Crossover
When issued, the access crossover command will produce a display con-
taining blanks for two flight numbers of station identifier and a date. Cursor
movement will be restricted to these locations until they are all entered and
determined to be valid. Valid entries are flights that both operate on the given
date (and possibly others as well) and stop at the given station. Invalid entries
will blink until they are corrected.
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Once a valid set of specifications has been received, the computer will
display the global minimum and maximum crossover times next to the information
specified. Between these will be the actual time available for crossovers, which
may have a negative value. A second column with the same information will also
be produced, but with the flight numbers in reverse order. The two columns
correspond to crossovers from one flight to the other and vice versa. Under each
heading is a list of markets that could be served by a crossover between these
flights.
If the global constraints do not permit a crossover to occur, then the
binding constraint will blink until the cursor is moved to this location and the
constraint is changed. No markets will be displayed until the crossover becomes
legal. When they are displayed, the markets will also have a circuity value beside
than to assist the scheduler in determining the benefits to be derived by including
the service. Also beside each market is the letter Y or N, for yes or no indicating
whether or not the service is to be offered. Initially all of these will be set to
yes. To exclude a service, the cursor must be moved vertically to the apprpriate
time and then either a left or right cursor will flip the indication. This is similar
to the Flight service exclusion facility described earlier. If more than one page of
markets are required, a change page command can be issued along with a page
number.
If a crossover that has already been created with this command is accessed
again, the entire display is reproduced. Any of the markets can then be included
or excluded as desired. To delete the entire crossover, a subcommand can be
issued which will erase it from the computer memory.
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4.5.6 Access Global Parameters
Many of the default data values that are used in various operations can be
defined with the access global parameters command. All of these values will be
associated with individual stations. Thus the panel produced under this command
will be a list of all stations in alphabetical order followed by their identifier codes
and then a set of parameters. At the top of this list will be a location to enter a
single number for each parameter which will apply to all stations not otherwise
specif ied.
The parameters to be determined are: minimum and maximum ground
time, minimum and maximum gate spacing time and minimum and maximum
crossover-time. These numbers are entered by moving the cursor to the proper
location and typing them in. Values can be deleted in a similar manner. Any
locations left blank will take on the value in the first row of the display.
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5. CONCLUSIONS AND RECOMMENDATIONS
The goal of this study was to present a design for an interactive graphics
tool that would encompass the full complexity of the scheduling task so that it
might play a central role in the development process. To achieve this it has been
demonstrated that careful attention must be paid to the data access and
manipulation requirements of the scheduler. The operations of -turning, crossing
over, and sliding flights have been identified as the fundamental functions of the
scheduling process. Displays and commands have been designed around these
requirements.
Although not widely used as a manual graphics aid, the sequence chart
(often called a cycle chart) was determined to have the best structure for
implementation with respect to a CRT type terminal. This was due to its visual
representation of time inforrrmation and untangled format, essential for displays
with a finite number of addressable locations. To provide a complete package of
displays for presenting the unique information required for several different tasks,
this basic display was modified in scale, rearranged and highlighted.
The interactive portion of the design encompasses a set of working panels
on which the user can enter data and receive responses concerning the validity
and impact of the input data. Restricted cursor mrnovement, highlighting and
prompting messages are all used to guide the user through the data entry process.
A powerful and concise command language is provided to sift through the schedule
data base and identify those elements that meet the specified criteria so that
they may be displayed or highlighted. This capability allows displays to be easily
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customized for an unlimited number of different purposes -- a major advantage of
a computerized tool over manual ones.
It was determined that the computer should not take over any decision-
making responsibilities from the scheduler. Instead, information that is likely to
be of value during a particular operation is efficiently presented for evaluation,
by the scheduler. When a flight is being slid to align events in time, the computer
indicates potential problems such as excessively short ground times or broken
connections; but it is the scheduler who resolves these problems.
In general, the computer tools described here are expected to be welcomed
by schedulers whose critical and difficult job has long been the subject of
automation attempts, but has only recently been recognized as an essential
element in any mechanized system. The power of a computer combined with
human expertise results in the possibility of more and improved schedules during
each planning period, offering airlines more options from which to choose in
dealing with the pressures of increased competition and rising costs.
It is recommended that this design be implemented on a dedicated, stand-
alone computer system. For interactive graphics to be effective the computer
must keep up with the thought processes of the user (indicating the need for
response time under one second-a requirement which can rarely be met by time
sharing systems.) It is also advantageous to keep full data base and operating
control accessible to the users. The computer should be linked to three or more
terminals arranged in a work station to permit one user to view several displays
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relevant to a given decision simultaneously while interacting with the single
"command" terminal.
Further development of this system should proceed along two lines: First,
the displays may require more customization for use by individual airlines to meet
unique requirements. The current work provides a general tool to be adapted to
users' needs. This work should also extend to the design of displays and summary
reports more applicable to hard copy format. Since many airlines already produce
this kind of output, these designs are expected to be highly specialized.
The second area that needs to be developed is the integration of the system
presented here with other schedule development and evalution tools. Access to a
large data base of historical schedules and traffic, cost and revenue statistics for
the user's and competing airlines would be a valuable addition. Forecasting and
analysis tools that can predict the impact of schedule modifications should also be
included.
By placing the scheduler at a computer terminal this system will increase
the attractiveness of these other packages that can provide immediate online
access to valuable information. In this way, the role of operations research and
computerized scheduling tools can begin to play the role in assisting schedulers of
which they are capable.
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